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It has been demonstrated that lyotropic liquid crystal templates (LLCT) with mesoporous 
structures can be used during electrodeposition of thin films to produce films with a 
mesoporous structure transferred from the LLCT. Here we report the electrodeposition of 
mesoporous bismuth telluride (Bi2Te3) films from hexagonal structured LLCTs formed 
from mixtures of Brij
®C10 and electrolyte solution in ratios of (55:45, 50:50, 45:55). The 
introduction of a mesoporous nanostructure to the bismuth telluride films should improve 
the thermoelectric properties of the material. Optimisation of the electrolyte solutions has 
been carried out, studying the effects of using the metals bismuth (Bi) and tellurium (Te) 
and the metal salts bismuth citrate (C6H5BiO7),  bismuth  nitrate  pentahydrate 
(Bi(NO3)3∙5H2O and tellurium dioxide (TeO2) dissolved in nitric acid (HNO3) or citric 
acid (C6H8O7) in different ratios and concentrations. The addition of a buffer solution 
made of citric acid and sodium citrate (C6H5Na3O7) has also been investigated.  The 
lyotropic liquid crystal phases present for mixtures containing different concentrations of 
Brij
®C10 and these electrolyte solutions has been looked at, including the production of 
phase diagrams. The liquid crystal template mixtures have been characterised using a 
polarised optical microscope (POM) and wide and small angle X-ray Diffraction (XRD) 
and Cyclic Voltammetry (CV). The deposited thin films have been characterised using 
wide and small angle XRD, Scanning Electron Microscopy (SEM) and Energy Dispersive 
X-ray spectroscopy (EDX), confirming that hexagonally nanostructured thin films in the 
(110) orientation with a composition close to Bi2Te3 have been produced. 
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Chapter 1: 
Introduction 
   
  1  
   
  2 1  Introduction 
1.1  Aims of the Project 
The overall aim of this project is the fabrication of nanostructured mesoporous 
thermoelectric materials by direct liquid crystal templating in combination with 
electrodeposition. This is to be done by investigating the effect of structured templating 
methods using the surfactant Brij
®C10 on the bismuth (Bi) and tellurium (Te) alloy 
bismuth telluride (Bi2Te3) which has attractive physical properties for a thermoelectric 
material such as a low thermal conductivity and high electrical conductivity.
[1-4] This 
project is aiming to improve the efficiency of this alloy by producing thin film materials 
with a mesoporous structure, these types of nanostructured materials have been shown to 
enhance thermoelectric properties by reducing the thermal conductivity of the material 
whilst maintaining the electrical conductivity.
[5-8]  This project involves collaborations 
between the University of Southampton’s Schools of Chemistry, and Electronics and 
Computer Science, and the National Physics laboratory (NPL), London, to enable study 
of microstructural, physical and electrical properties of the materials. 
1.2  Nanostructured Bismuth Telluride  
1.2.1  Reason for Study 
Thermoelectric materials can either convert a temperature difference across the material 
into electrical energy, known as the Seebeck effect, or they can use electricity to produce 
a temperature difference, which is the Peltier effect.
[4, 9-11] Both of these effects can be 
used to produce thermoelectric power generators, but in addition the Peltier effect can be 
used for coolers. 
Bismuth telluride (Bi2Te3) has been known for some time as one of the best performing 
thermoelectric materials, with an effective operating temperature range of 173 K - 473 K. 
There have been  many  studies in recent decades  looking at the formation of lower 
dimensional materials, either in the form of films (2D) or nanowires (1D). This reduction 
in  the dimensions  can  lead to the enhancement of  the  material’s  thermoelectric 
performance  by  enhancing the Seebeck coefficient (S) through quantum confinement 
effects, and reduction of the thermal conductivity (κ) more than the electrical conductivity 
(σ), see section   1.4.1.  Therefore the formation of Bi2Te3  materials with reduced 
dimensions compared with the bulk is an attractive area. Another approach to improve on 
  3 the properties of a 2-dimensional thin film is by giving the film a mesoporous structure, 
this will introduce increased grain boundaries within the material, which will reduce the 
thermal lattice conductivity of the material whilst maintaining the electrical conductivity 
and therefore enhance the thermoelectric properties.
[5] Lyotropic liquid crystal templating 
(LLCT) can produce materials with mesoporous structures, the structure produced can be 
controlled by varying the ratio of surfactant and electrolyte solution within a mixture at a 
given temperature.  This study will be looking at the effect of electrochemically deposited 
nanostructured  Bi2Te3  thin films using a  hexagonal LLCT phase  created using the 
surfactant Brij
®C10 with the aim of producing materials with enhanced thermoelectric 
properties, such as reduced thermal conductivity.  
1.2.2  Bismuth Telluride 
Bismuth telluride (Bi2Te3), is a naturally forming mineral, but is moderately rare. It has a 
rhombohedral crystal structure (R3¯m), this structure consists of 
alternating layers of tellurium and bismuth that are arranged in 
five-layer  packets.
[12]  Each  packet contains three layers of 
tellurium and two layers of bismuth arranged with the sequence 
Te(A)-Bi-Te(B)-Bi-Te(A), where A and B denote the two 
different environments for the tellurium atoms. Te(A) atoms are 
strongly bound to three bismuth atoms within the same packet 
and weakly bound to three Te(A) atoms in an adjacent packet. 
Te(B) atoms form the middle layers and are coordinated to six 
bismuth atoms with an almost octahedral arrangement.
[13] 
Figure   1-1: The unit cell for the crystal structure of bismuth telluride (Bi2Te3) showing tellurium atoms in 
yellow and bismuth atoms in pink. 
[14] 
Bi2Te3 can be either n- or p-type depending on the doping; an excess of bismuth results 
in a p-type material and an excess of tellurium results in an n-type material.
[9] Bi2Te3 has 
good physical properties for thermoelectric applications, for example, it has a density (ρ) 
of 7530 kg m
−3, the density is important as it is used to calculate the thermal conductivity 
(κ) of the material using equation 1-1; where a low value of thermal conductivity will 
result in a more efficient thermoelectric material. Bi2Te3 has a thermal conductivity of 
around 1.5 W m
−1 K
−1. 
κ = 100ραCP
[15]               Equation   1-1 
  4 Where CP  is the specific heat, this is the amount of energy required to raise the 
temperature of the material by 1 K per kilogram of material, Bi2Te3 has a specific heat 
value of 9544 J kg
−1 K
−1 and α is the thermal diffusivity. Bi2Te3 is a narrow band gap 
semiconductor with a band gap of ~0.18 eV at 300 K, this results in the material having a 
high electrical conductivity.
[15] Other attractive properties of Bi2Te3 include a thermal 
expansion coefficient of  13  × 10
−6  K
−1 and a high melting point of 858 K, this will 
determine the limit of the temperature range for thermoelectric devices.
[16, 17]  
1.3  Formation of Bismuth Telluride 
A number of techniques have been applied to the synthesis of thermoelectric materials 
such as Bi2Te3, these include bulk powder synthesis,
[5]  hydrothermal processes
[1] 
and
  technologies suitable for producing thin films,  such as molecular beam epitaxy 
(MBE),
[18]  metal organic vapour phase diffusion deposition (MOVPD),
[7]  chemical 
vapour deposition (CVD), and electrodeposition.
[9] Electrodeposition techniques applied 
to produce nanostructured materials include pulse electrodeposition,
[9,  19] galvonostatic 
electrodeposition
[3,  9]  or electrochemical atomic layer epitaxy (ECALE)
[9]  and the 
poteniostatic electrodeposition method.
[1, 2, 20-25] 
1.3.1  A Review of Electrodeposition of Bismuth Telluride in the Literature 
Electrochemical deposition offers high deposition rates and is more cost-effective than 
most other methods, as it can be carried out at room temperature and pressure, therefore 
reducing problems due to thermal stress.  The electrodeposition of Bi2Te3  was first 
reported by Takahaski et al.
[26] in 1993; electrolytes were made by dissolving varying 
ratios of bismuth oxide (Bi2O) and tellurium dioxide (TeO2) in nitric acid (pH 0.7 - 1.0) 
and films deposited at (−0.25) V vs. Ag/AgCl electrode. The film composition was found 
to depend on the electrolyte composition with deposited films consisting of a mixture of 
tellurium  metal, Bi2Te3  and other BiTe phases.
[9,  26,  27]  The review by 
Boulanger
 discusses research into Bi2Te3 based materials formed by electrodeposition up 
to 2009 and shows the steadily increasing interest in this area since this first example. The 
review comments on the difference between the  electrolyte composition and the 
stoichiometry of the films formed. It shows that to obtain a required stoichiometry in the 
deposited film  the electrolyte needs to be bismuth rich, which is due to the lower 
diffusion coefficient of bismuth compared with tellurium in strongly acidic conditions.
[28] 
As well as the electrolyte composition and concentration, the deposition potential has also 
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preparation of both bismuth rich or tellurium rich Bi2Te3 films from the same electrolyte 
solution by changing the electrodeposition potential. For example, a solution with equal 
concentrations of bismuth and tellurium (0.02 M) gave slightly tellurium rich thin films 
when depositions were carried out in the potential range (−40) to (−110) mV and slightly 
Bi-rich thin films were formed when potentials from (−125) to (−140) mV were used.
[29] 
A detailed study into the formation of Bi2Te3 was carried out by Martín-González et 
al.,
[16]  producing  a  Pourbaix  diagram  for electrodeposition  from an  electrolyte of 
tellurium (1 × 10
−2 M) and bismuth (0.75 × 10
−2 M) dissolved in 1 M nitric acid, see 
Figure   1-2. The diagram was produced to study the thermodynamic stability of Bi2Te3 as 
a function of potential against pH.
[16]  
 
Figure   1-2 Pourbaix-type diagram for the electrodeposition of bismuth and tellurium at 25°C, 1 atm, 
from a solution containing bismuth (0.75 mM) and tellurium (10 mM) in 1 M nitric acid, showing the 
thermodynamic stability of the dominant species as a function of potential and pH. Copyright 2002, the 
electrochemical society.
[16] 
Bi2Te3  can be formed directly by the reduction of the cations Bi
3+  and HTeO2
+  at 
potentials more negative than (+0.5) V vs. NHE. Figure   1-2 shows that Bi2Te3 is stable 
over a large potential and pH range, consequently,  the pH of the  solutions used for 
deposition is determined by both the stability of the required cations and the solubility of 
tellurium and bismuth. Tellurium is soluble as HTeO2
+ at low pH (−0.37 < pH < −0.07) 
for concentrations up to 10
−2 M, according to the reaction 1-1:
[16] 
  6 Te
4+ + 2H2O → HTeO2
+ + 3H
+          Reaction   1-1
 
The pH range where this reaction occurs can be determined using equation 1-2:
[16] 
𝐩𝐇 = −𝛎.𝛑𝛕 + 𝛎.𝛑𝛑𝛑𝐥𝐨𝐠
�𝐇𝐓𝐞𝐎𝛐
+�
𝐓𝐞𝛒+            Equation   1-2 
Tellurium is also soluble at higher pH as HTeO3
−.
[16] For lower tellurium concentrations 
in solution, the pH can be raised , although this will result in lower deposition rate.  
Bismuth is soluble in dilute nitric acid as Bi
3+ at pH < 2 so will be available for reaction 
with HTeO2
+ to form Bi2Te3. 
Therefore, it is necessary to work at a pH of around 0.
[16] A 1 M nitric acid solution can 
be used to dissolve elemental bismuth and tellurium; under these conditions, tellurium is 
stable as HTeO2
+ and bismuth as Bi
3+, these react to form Bi2Te3 (Reaction 1-2).
[16] 
3HTeO2
+ + 2Bi
3+ + 18e
− + 9H
+ Bi2Te3 + 6H2O      Reaction   1-2 
The use of acidic conditions is consistent with reports by others for Bi2Te3 
electrodeposition, with most electrodeposition experiments being carried out in nitric 
acid.
[9, 23, 40-44]  
There are reports of the use of a buffer solution to improve the quality of the films 
obtained by deposition from a nitric acid electrolyte, Kuleshova et al. report the use a 
buffer solution containing citric acid and sodium citrate which was added to an electrolyte 
made from nitric acid when depositing BiTeSb materials from a solution of 1 mM 
bismuth, 10 mM tellurium and 20 mM antimony (Sb) in a solution containing 1 M nitric 
acid, 0.1 M citric acid and 50 mM sodium citrate; the quantity of nitric acid present 
exceeds the buffering capacity of the citric acid/sodium citrate buffer, so the pH of this 
solution will be governed by the pH of the nitric acid.
[17, 30] The presence of the citric acid 
and sodium citrate reduces interfacial tension and facilitates the release of gas bubbles, 
which improves the quality of the deposited films by  reducing  pitting and pinholes 
allowing for a more even coverage.
[17] It may be possible to use citric acid as the base for 
the electrolyte solution as there are reports of it  being  used to make other materials 
containing tellurium, for example, citric acid (C6H8O7) was used by Li et al. in 2006
[31] 
for a CdTe system; CdTe is primarily used in photovoltaic applications. 
  7 The addition of other additives to the electrolyte solution has demonstrated control of 
microstructural growth, in the Nandhakumar group  work has been carried out 
demonstrating the use of the surfactant, sodium lignosulfonate  to control the crystal-
building processes during electrodeposition, with solutions containing the surfactant, Bi
3+ 
and HTeO2
+ in nitric acid being used to produce highly crystallographically textured 
films of Bi2Te3 by electrodeposition.
[32] 
1.4  Nanostructured Materials 
Studies looking into the effects of nanostructured materials have shown improvement in 
the materials thermoelectric efficiency compared to that of the bulk counterpart as defined 
by the materials dimensionless figure of merit (ZT) ; this is due to the effect of quantum 
confinement at low dimensions.
[10, 30] 
1.4.1  Thermoelectric Efficiency 
The efficiency of a thermoelectric device is measured by the dimensionless figure of 
merit (ZT) (Equation 1-3). 
  𝐙𝐓 =
𝐒𝛐𝗔
𝗋 𝐓                Equation   1-3 
Where S (µV K
−1) is the Seebeck coefficient and is defined as the thermoelectric voltage 
produced per degree of temperature difference,
[4, 33] σ is the electrical conductivity, κ is 
the thermal conductivity and T is the absolute temperature.
[4] An ideal thermoelectric 
material would have a large Seebeck coefficient (S) and high electrical conductivity (σ) 
(with minimal Joule heating) to produce the required voltage, it would also have low 
thermal conductivity (κ) to keep the heat loss to a minimum (with a large temperature 
difference).
[4, 10, 11, 25] However, the S, σ and κ are interlinked so optimising one may 
reduce the others, and result in little change in the value of ZT; therefore, an optimum for 
the combination of all three needs to be found. Currently,  commercially available 
thermoelectric devices have a ZT value of approximately 1 and require an elevated 
operational  temperature (323  –  343°K) to achieve  this;
[17]  in comparison,  for 
thermoelectrics to compete with a conventional fridge they would require value of 3.
[9, 17, 
34]  
1.4.2  Nanostructured Materials 
Ordered nanostructured materials such as 2-dimensional thin films and 1-dimensional 
nanowires  have unique electronic, mechanical, optical, magnetic and thermoelectric 
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[35]  these are due to the  effects of quantum confinement. The quantum 
confinement effect is when the size of a particle in at least one direction is comparable to 
the size of the Bohr exciton radius; where an exciton is composed of an electron and a 
hole, the distance between this electron and hole being known as the Bohr radius of the 
exciton. Quantum confinement occurs when the particle size is comparable to the Bohr 
radius and causes the movement of the exciton (the electron and hole) to be restricted so 
reducing the conductivity of the material;  in nanostructured materials this has the effect 
of reducing the  conductivity  of the material  in the directions where the size of the 
material is sufficiently small (in the order of nanometers) and so effectively increases the 
conductivity of the material in the other directions by restricting movement to only these 
directions. Also, the small size of the particles makes them more closely related to atoms 
rather than to the bulk material, so the band gap between the valence and conduction band 
energies is  increased. Compared with bulk materials this will affect the electrical 
conductivity of the materials.
[30] In addition to this, the introduction of a nanostructure 
will modify the phonon spectrum and phonon localisation, which will reduce the thermal 
conductivity of the material, due to more phonons being scattered at surface interfaces 
and defects.
[5]  In this way,  nano-  and micro-mixed grain composites can break the 
connection between thermal and electrical conductivity compared with bulk materials,
[9, 10, 
35] this effect is known as the percolation effect where the electrons can choose a low 
resistivity path and the phonons cannot, therefore, the material has electronic conductivity 
but low thermal conductivity.
[11]  
Thin film materials (2D) can give higher ZT values than bulk materials (3D), in fact ZT 
values as high as 2.4 have been obtained for p-type film superlattice devices made of 
Bi2Te3/Sb2Te3  and values greater than  1 for n-type films with the composition 
Bi2Te3/Bi2Te2.83Se0.17 at 300 K.
[36] Theoretical studies have shown that reducing the film 
dimensions to 1D by, for example, making nanowires could increase ZT further to about 
14.
[4,  9]  Experimental results for one dimensional materials such as nanotubes have 
obtained a ZT value of 1.2 for Bi2Te3 materials obtain from pressed nanoparticles.
[30, 37]   
Therefore a large amount of research into the electrodeposition of Bi2Te3 nanostructured 
materials has been carried out, the nanostructures are formed using similar conditions to 
those used for thin film depositions,  but with the addition of templates.
[9]  The first 
example of producing templated nanostructures of Bi2Te3 was by Sapp et al.,
[19] where 
polycrystalline nanowires with no preferred orientation were produced  through 
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[19] Further work 
was carried out by Prieto et al.
[21] and Sander et al.,
[38, 39] where they looked at nanowires 
produced by poteniostatic electrodeposition, using a variety of alumina membranes each 
with a different average pore size within a range from 25 to 70 nm, these films filled 
roughly 80% of the pores during deposition and gave evenly spaced nanowires, but it was 
observed that the texture of the nanowire varied with the pore size. Work by Scheffler,
[40] 
has demonstrated the production of larger nanowires with diameters of between 35 and 
200 nm from solutions made from bismuth nitrate and tellurium powder in nitric acid 
using nonporous templates. Other methods of forming nanowires have also been 
investigated, Menke, et al.
[23] studied the formation of Bi2Te3 nanowires with diameters 
of 30 to 300 nm from a solution formed from bismuth (III) nitrate and tellurium oxide in 
1 M nitric acid using a electrodeposition/stripping method to produce the nanowires.
[23]  
Li et al. have shown nanostructured thermoelectric Bi2Te3 thick film having thicknesses 
up to 350 µm, formed from the electrodeposition from an electrolyte solution containing 
13 mM BiO
+ and 10 mM HTeO2
+ in 1 M nitric acid with the addition of ethylene glycol. 
It was shown that the addition of ethylene glycol promoted adhesion of the film to the 
substrate by slowing the movement of ions to the electrode surface and so formed a more 
uniform film, ethylene glycol also promoted the formation of rounded hexagonal 
structures.
[3] 
1.4.3  Mesoporous materials 
A mesoporous material contains pores with diameters between 2 and 50 nm. Mesoporous 
materials can be formed using lyotropic  liquid  crystals  templating  (LLCT), they are 
important for their porosity and large internal surface area; a porous material has a high 
proportion of void space within a 3D bulk area; examples of a porous material include a 
sponge or pumice stone, where the voids are connected through channels. The increase in 
internal surface area has been found to give improved magnetic, optical and electrical 
properties due to the ability to miniaturise the compositional changes, particle sizes and 
crystallographic texture, which can produce these properties as well as having a larger 
surface area available for reactions.
[41, 42] 
The introduction of a mesoporous structure will increase the number of grain boundaries 
by introducing pore-wall interfaces, which will act to further  reduce the thermal 
conductivity of the material  compared with thin wires, due to more phonons being 
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[5]  For example,  the thermal 
conductivity of Bi2Te3 films with a mesoporous structure have been calculated to be three 
times lower than that for a pin-hole free thin film.
[5, 43]  
Ordered nanostructured materials have been studied in the literature by using LLCT to 
form the nanostructure, non-ionic polyoxyethylene surfactants are used coupled with one 
of the synthesis methods mentioned above.
[44-46]  For example, mesoporous  Bi2Te3 
powders have been produced using silica nanospheres as a template then hot pressed to 
produce a monolith, these have been shown to be highly effective at scattering phonons, 
leading  to a reduced thermal conductivity, however,  the mesopores also reduce  the 
electronic conductivity and a maximum ZT of 0.7 was obtained at 480 K.
[5] 
Luo  et al.  found that bismuth films deposited using either the LLCT Brij
®C10 or 
Brij
®S10 produced lamellar structures, this was done using 0.15 M Bi(NO3)3, 1 M KNO3, 
0.33 M L-tartaric acid, 0.65 M HNO3 and 5% glycerol in a 50:50 Ratio with Brij
®C10 
and Brij
®S10. They also investigated the deposition of cobalt and nickel for their 
magnetic properties, finding that they were strongly  influenced by texture and either 
hexagonal or lamellar mesoporous structures could be formed by varying the electrolyte 
formulation but using the same ratio of Brij
®C10 or Brij
®S10 to electrolyte, this ratio 
being 60:40 (Brij:electrolyte solution). The solution containing 0.2 M nickel acetate, 0.5 
M sodium acetate and 0.2 M boric acid gave a hexagonal phase with Brij
®S10, 0.08 M 
nickel chloride, 1.6 M nickel sulphamate and 0.3 M boric acid gave a lamellar phase with 
Brij
®S10, 0.4 M cobalt acetate, 0.51 M potassium acetate and 0.16 M boric acid gave a 
hexagonal phase with Brij
®S10, and 0.9 M cobalt sulphate, 0.8 M boric acid, and 0.02 M 
sodium chloride gave a lamellar phase with Brij
®C10.
[7] 
1.4.3.1  Lyotropic Liquid Crystals Templating 
Liquid crystal materials have properties between crystalline solids and liquids; the 
molecules having some structural order although they are still free to move around. In 
lyotropic liquid crystals the crystalline phases are formed in the presence of a polar 
solvent and are dependent on both the specific concentration of the LLCT in the solvent 
and the temperature.  
Films with a mesoporous structure can be formed by electrodeposition using lyotropic 
liquid crystals as templates, the films being deposited around the liquid crystal template 
before the template is removed by washing; this enables mesoporous structures to be 
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[47] Templating was first reported in 1992, Attard et al.
[48] demonstrated that 
with a lyotropic liquid crystal template (LLCT) a deposition with different nanostructures 
could be produced depending on the ratio of electrolyte to surfactant used, for example 
hexagonal, cubic or lamellar phases were formed. 
1.4.3.2  Surfactants 
Non-ionic polyoxyethylene surfactants can be used to form liquid crystal structures, the 
surfactant used for this study is Brij
®C10, some other examples of surfactants are shown 
in Table   1-1.
[41] 
Table   1-1: Examples of surfactants used as LLCT for making mesoporous structures.
[41, 47] 
Surfactant  Structure  Description 
C16EO8  CH3(CH2)15(OCH2CH2)8OH 
Octaethylene glycol monohexadecyl ether 
Non-ionic  polyoxyethylene 
surfactant, Very expensive 
as pure.  C12EO8  CH3(CH2)11(OCH2CH2)8OH 
Octaethylene glycol monododecyl ether 
Brij
®56 (old name) 
Brij
®C10  (new 
name) 
CH3(CH2)15(OCH2CH2)10OH 
Polyethylene glycol hexadecyl ether 
(average chain lengh of 10) 
Non-ionic  polyoxyethylene 
surfactant. Very cheap due 
to a low level of purity 
(mixed chain lengths). 
 
Brij
®76 (old name) 
Brij
®S10  (new 
name) 
CH3(CH2)17(OCH2CH2)10OH 
Polyethylene glycol octadecyl ether 
(average chain lengh of 10) 
Pluronics (P123)  HO(OCH2CH2)X(OCH2CH2CH2)Y(OCH2CH2)XOH 
Octaethylene glycol monohexadecyl ether 
Non-ionic  polyoxyethylene 
surfactant, long chain block 
co-polymer. 
CTAB  CH3(CH2)15N(CH3)3Br 
Cetyltrimethylammonium Bromide 
Cationic surfactant, cheap. 
Brij
®C10  (Figure    1-3), is a  bi-functional amphiphilic molecule, as it combines both 
hydrophobic (the hydrocarbon tail) and hydrophilic (head) parts within the same the 
molecule; amphiphilic means (amphis: both and, philia: love 
[49]), when mixed with a 
polar solvent such as water lyotropic liquid crystal phases are formed.
[50]  
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Figure   1‐3: The surfactant Brij
®C10, showing the hydrophobic tail and hydrophilic head whose properties 
enable  the  construction  of  the  different  liquid  crystal  phases  at  a  given  concentrations  and 
temperatures. 
The concentration of surfactant in a polar solvent, such as water or an electrolyte solution, 
and the temperature will affect the phases formed; this information is shown in the form 
of a phase diagram. 
1.4.3.3  Phase	Diagram	
A phase diagram is a map of the stability of particular phases with surfactant 
concentration (e.g. Brij
®C10) and temperature. The phase diagram is prepared from data 
acquired through observation of the phases exhibited when cooling a mixture, using a 
polarised optical microscope (POM). The birefringent phases reflect polarised light so 
their presence is determined (see section chapter 2 section 2.6.4 for more details). Low 
angle XRD using the peaks from back scattering of X-rays by the mesoporous structures 
also allows for phase determination (see section chapter 2 section 2.6.1). 
 
Figure   1‐4: A phase diagram for Brij
®C10 and water obtained by Coleman et al.,
[51] showing the change in 
surfactant (Brij® C10) concentration against temperature, indicating each phase at a given point. Phase 
notation: S ‐ solid, L1 ‐ micelle solution, I1 ‐ micelle cubic phase, H1 ‐ hexagonal phase, V1 ‐ cubic phase, Lα 
‐ lamellar phase and L2 ‐ inverse micelle solution, Where the numbers denote if the phase is normal (1) 
or inverse (2).
[51] The individual phase images are by Wiesenauer et al.
[52] and Blunk et al.
[53] and
 show 
the structure of the different phases.  Figure   1-4 shows the phase diagram of Brij
®C10 and water, along with images showing 
the structures of the phases. At low Brij
®C10 and high water content the ‘normal’ phases 
are formed, these are denoted by “1” in phase diagrams, these are the micelle, cubic 
micelle, hexagonal and cubic phases., The normal phases are produced by the hydrophilic 
heads in the Brij
®C10 pointing out towards the water molecules and the hydrophobic tails 
pointing inwards towards one another creating a dry organic centre Figure   1-5 (left). As 
the Brij
®C10 concentration increases from zero the first phase observed is the micelle 
phase, this is observed when the critical micelle concentration is reached; the micelle 
phase consists of spheres of Brij
®C10 surrounded by solvent as shown in Figure   1-4(a). 
As the concentration of Brij
®C10 increases the phase observed changes, at around 20 % 
Brij
®C10 and between ~27 and 50°C a mixture of the cubic micelle (I1) and the 
hexagonal phase are observed. The cubic micelle phase is when the micelles of surfactant 
are arranged into a cubic structure see Figure   1-4 (b). The hexagonal phases formed of 
cylindrical tubes of Brij
®C10 with dry centres, the tubes forming a hexagonal structure, as 
shown in Figure   1-4 (c). At concentrations of 40- ~70 % Brij
®C10 only the hexagonal 
phase is observed at 30°C. Around 70 % Brij
®C10 there is a small region where the cubic 
phase  is seen,  the cubic phase is when the Brij
®C10  forms a cubic lattice of 
interconnected tubes as shown in Figure   1-4 (d)).
[52]  
Once a certain Brij
®C10 concentration is reached (~70 % at 35°C or ~55 % at 60°C) the 
Brij
®C10 surfactant molecules align themselves into sheets and have no curvature as 
shown by Figure   1-5(centre), this phase is known as the lamellar phase (Lα) (Figure   1-4 
(e)).  
At low water contents the ‘inverted’ phases can be formed, denoted by “2” in phase 
diagrams, these are the inverted micelle, inverted cubic micelle, inverted hexagonal and 
inverted cubic phases, however not all phases are formed with Brij®C10 and water, as 
shown in Figure   1-4 only the inverted micelle phase (L2) is observed. Inverse phases are 
formed when the solvent molecules are surrounded by the Brij
®C10 with the hydrophilic 
heads pointing inwards and the hydrophobic tails pointing outwards Figure   1-5(right). 
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Figure   1-5: A schematic showing the different phases formed by surfactant: water mixtures at different 
ratios of the two. When there is a high water content (normal) the tails curve inwards to move away 
from the water creating “dry centres”. At low water content (inverted) the heads curve inwards to 
move towards the limited water creating “wet centres”. At the concentrations between an equilibrium 
is reached and zero curvature is seen with the heads and tails lining up vertically in layers. Image taken 
from Wiesenauer et al.
[52] 
The hexagonal phase is an example of a well-defined architecture,
[54] and as shown in 
Figure 1-6,  has large range where it is present, being observed for concentrations of 
Brij
®C10 between 30 – 60 % at room temperature and up to 60°C at its peak as shown in 
Figure   1-4.
[51] Although it is worth noting that between 30 ~ 43 % surfactant Brij
®C10 
wt%. the mixture does not show a single phase, with a mixture of hexagonal and the 
micelle cubic phase being observed. 
1.5  Electrochemical Techniques 
Electrochemistry is a subject with a number of techniques where the ones used will be 
discussed, these being cyclic  voltammetry, which is  used to study the oxidation and 
reduction of species by providing more qualitative information about the electrochemical 
processes taking place and Chronoamperometry, which is a constant potential experiment 
and in this case is used to carry out electrodeposition as a high throughput method of 
producing Bi2Te3 films.
[33]  
1.5.1  Cyclic Voltammetry 
Cyclic voltammetry (CV) is a popular and powerful technique used to study the oxidation 
and reduction of electrochemically actives species. A CV is a potential sweep experiment 
between two potentials where the potential changes at a defined sweep rate; the current 
response is plotted against potential. CVs are useful as they can inform you of the 
potential where deposition and stripping of the materials will occur and give information 
on the species present within the given system.
[55] 
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Figure   1-6: An example of a cyclic voltammogram for the formation and stripping of a solid phase from 
an electrolyte of 7.5 mM bismuth and 10 mM tellurium in 1 M nitric acid, on an 1 cm
2 gold electrode, 
plotted as current (i/mA) against potential (E/V). Carried out with a platinum gauze counter electrode 
and a (SCE) reference electrode, at room temperature; at a sweep rate of (0.1 V) s
−1, sample code: 
(SP054). Insert: an example for the formation and stripping of a solid phase from a mixture containing 
Brij
®C10 and the electrolyte 7.5 mM bismuth and 10 mM tellurium in 1 M nitric acid, carried out using a 
1 cm
2 gold working electrode with a platinum gauze counter electrode and a (SCE) reference electrode, 
at room temperature; at a sweep rate of (0.1) V s
-1, sample code: (SP022). 
Cyclic Voltammetry (CV) is used as a guide to show the potential where Bi2Te3  is 
deposited from a solution, this can be determined from the position of the reduction peak 
in the spectrum. Figure   1-6 shows an example of a voltammogram for the formation of a 
solid phase from an aqueous solution containing 7.5 mM bismuth and 10 mM tellurium in 
1 M nitric acid. The cathodic (deposition) peak (1) in the forward scan (to the more 
negative potential) shows the reduction of 3HTeO2
+ and 2Bi
3+ and the corresponding 
deposition of Bi2Te3 on to the electrode, this starts to occur at (−0.05) V vs. (SCE) and is 
seen by a steep spike in negative current due to nucleation growth on the surface of the 
electrode, after peaking at (−0.12) V vs. (SCE) the current drops off slowly due to the 
reaction becoming diffusion controlled, this is seen between (−0.12) and (−0.27) V vs. 
(SCE). When the lower limit of the CV scan is reached at (−0.6) V vs. (SCE) the scan 
sweeps in a positive direction, a crossover of the forward and reverse scans known as the 
nucleation loop is seen at (2), this nucleation loop shows that although the potential is 
sweeping in the positive direction nucleation is still occurring at a faster rate than any 
oxidation process and so the current remains negative. As the potential increases the loop 
is completed as nucleation can no longer occur and the scan levels off before starting the 
anodic (stripping) peak where the removal of deposited material occurs. The anodic peak 
-10.0
-5.0
0.0
5.0
10.0
15.0
20.0
25.0
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
i
/
m
A
 
E/V vs. (SCE) 
(1) 
(3) 
(2) Nucleation loop 
-0.5
0.0
0.5
1.0
1.5
-0.8 -0.3 0.2 0.7
i
/
m
A
 
E/V vs. (SCE) 
  16 shows the oxidation of Bi2Te3 to form HTeO2
+ and Bi
3+ and is seen between (+0.29) and 
(+0.51) V vs. (SCE), this peak is sharp and symmetrical with a large positive current this 
is because the reactant is bound to the surface so is not limited by mass transport and can 
be removed quickly.
[16,  55]  The shape of this CV is similar  to  the CVs in  work by 
Naylor
[32]  and Tittes.
[25]  The insert shows a CV obtained from a viscous mixture 
containing Brij
®C10 and the electrolyte solution (7.5 mM bismuth and 10 mM tellurium 
in 1 M nitric acid), it shows that both the cathodic (deposition) and anodic (stripping) 
peaks are at the same potentials as they were for the CV of the electrolyte, however no 
nucleation loop is observed, this is due to the viscosity of the mixture slowing the 
diffusion of the reactive species Bi
3+ and HTeO2
+ to the electrode.  
1.5.2  Chronoamperometry 
Chronoamperometry is a potential step experiment measuring current (i) (or current 
density (J)) against time (t). Where at t = 0, the potential is stepped to a value where 
current flows  and a reaction takes place, the potential is then kept constant for the 
remainder of the experiment and the current measured. Chronoamperometry gives 
qualitative and quantitative data for a  system, this method is used for the 
electrodeposition, using a potential determined from the position of the deposition peak in 
the CV of the same solution. 
 
Figure   1-7: A representative diagram for a current verses time transient, showing the first few seconds 
of nucleation and growth on a surface. The green area denotes the double layer and the drop in current 
from (a) to (b) is from the charging of the double layer, the red area is the beginning of nucleation ((b) 
to (c)), and the blue area ((c) to (d)) shows a gradual drop due to diffusion controlled growth.
[56] 
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  17 At the start of the experiment information on the electron transfer of the reaction can be 
gathered between points  (a)  and (c) shown in Figure    1-7, the time  range for this is 
typically between 1 ms and 10 s, after this time the deposition becomes diffusion 
controlled.
[55] A general response for a potential step experiment of a solution containing 
a species with an oxidation/reduction couple is that the current vs. time transient shows 
that at t = 0 the current is high (= ∞), the current then quickly drops due to the double 
layer effect (points (a) to (b)), once the ions and dipoles within the electrical double layer 
have organised themselves. The current then increases as nucleation begins (this is shown 
between points (b) and (c)), the number of nucleation sites increasing with time and the 
size of each nucleation site growing. As the nucleation sites grow they begin to overlap 
and form a continuous layer, at this point a maximum current is reached as shown by 
point (c) in Figure    1-7.  After this point the deposition becomes diffusion controlled 
(points (c) to (d)) this is shown by the current at the electrode surface falling with 
increasing time, this drop is  due to the diffusion layer becoming thicker and the 
concentrations of reactive species dropping. This part can be fitted to the Cottrell equation 
(Equation 1-4), which confirms that the reactions are diffusion controlled.  
𝐣 =
𝐧𝐅𝐃
𝛏
𝛐𝐜𝐑
𝗑
𝛏
𝛐𝐭
𝛏
𝛐
                  Equation   1-4 
Where j is the experimental current density, n is the number of electrons, F is the faraday 
constant, D is the diffusion coefficient, cR the concentration of the reactive species and t 
is the time.
[55]  
The effects between (a) and (c) are only observed in experiments with short timescales. 
1.5.2.1  Calculating Film Thickness 
The film thickness can be calculated from the total charge (Q) during the deposition using 
the Schlesinger equation (Equation 1-5).
[57] 
𝐓 =
𝐌𝐰
𝐧∗𝐅∗𝐀∗𝗒 𝐐                  
Equation   1-5 
Where T is the estimated film thickness, Mw is the molecular weight, n is the number of 
electrons, F is the Faraday constant (96483.34 C.mol
−1), A is the deposition area, ρ is the 
density and Q is the charge from the deposition.
[57] However, this equation needs to be 
modified to allow for the voids left from where the Brij
®C10 structure was during the 
  18 deposition before being washed out, as a rough estimate for the amount of void space 
created by the Brij
®C10 surfactant values for a similar surfactant C16EO8 were used
[31, 58]; 
C16EO8 is similar to Brij
®C10 but purer and has a slightly smaller tail length, the amount 
of void space for C16EO8 has been calculated using birefringence to be 0.63 ± 0.1,
[58] due 
to the size of error in this measurement it seems a reasonable estimate to use for Brij
®C10 
as well. Thicknesses calculated using the charge have been found to overestimate the 
thickness with thicknesses of about 60 % of those calculated being observed when the 
thickness was measured on an SEM, therefore a efficiency of 60 % will be assumed when 
estimating the thicknesses,
[31] giving equation 1-6. 
𝐓 = �
𝐌𝐰
𝐧∗𝐅∗𝐀∗[𝗒∗𝐞]� [𝐐 ∗ 𝛎.𝛔]             Equation   1-6 
Where (e) is the quantity of voids with an assumed value of 0.63 %. 
1.5.2.2  Electrodeposition using Lytropic Liquid Crystal Templates 
Electrodeposition is carried out using chronoamperometry as stated in   1.5.2, depositions 
from solutions without a template produce thin films; the deposition of films using LLCT 
mixtures produces nanostructured materials with a mesoporous framework. However the 
presence of a LLCT will affect the electrodeposition rate as it will increase the diffusion 
path for the reactive species (HTeO2
+ and Bi
3+) and,  therefore, slows the rate of the 
reaction on the electrode surface. For a hexagonal phase with the channels perpendicular 
to the surface around half of the area of the electrode surface will be blocked, but this 
could be more if the channels are aligned parallel with the surface; the hexagonal phase 
will have channels aligned both parallel and perpendicular to the electrode surface as well 
as in directions between these two extremes. This is a significant amount of surface 
coverage and would be expected to be reduce the diffusion rate of the reactive ions 
(HTeO2
+ and Bi
3+) to the electrode surface, this will be evident by lower currents being 
observed during the CV’s and constant potential depositions as shown in Figure   1-6. As 
the ions have more difficulty getting to the surface to react the Bi2Te3 film is formed 
more slowly (Figure   1-8).
[59]  
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Figure   1-8: A schematic diagram showing the restricted path between cylindrical micelles of surfactant, 
which will increase the diffusion time of the electrolyte trying to get to the electrode surface to react.
[59] 
1.6  Application: Thermoelectric Devices 
While the research area of thermoelectric devices and materials has seen a growth in 
interest in recent years, mainly due to issues such as climate change and limited natural 
resources, their use in applications is still relatively small.
[4, 17] 
To date thermoelectric devices have only found a limited use in  small number of 
speciality areas,  such as space travel for example in  Voyager I and II
[16]  or medical 
equipment, like portable generators, medical freezers or auxiliary power units (APU),
[60] 
where the efficiency in conversion was second to a reliable and continuous energy 
supply.
[33]  The Voyager crafts have three Multi-Hundred Watt Radioisotope 
Thermoelectric Generators  (MHWRTG), powered from the heat generated from the 
decay of plutonium-238 and have demonstrated the reliability of thermoelectric devices 
still operating at the edge of the solar system over 30 years after they were launched.
[61]  
Thermoelectric devices are seen to be beneficial due to their solid state design, as they 
have zero maintenance due to there being no moving parts, as they have a long life of 
approximately 20 years, they release no toxic fumes and are more reliable than other 
forms of renewable energy sources,  such as solar or wind power.
[4,  9,  17,  35]  However 
thermoelectric devices are generally not very efficient with only a small amount of the 
available heat being used, for a thermoelectric material with a ZT value of 1 the best 
efficiency reached is 17 %.
[62] 
A thermoelectric device converts either an environmental temperature difference (heat 
energy) to electrical energy or vice versa.  Thermoelectric devices, therefore, provide a 
method of harvesting waste heat energy that might otherwise be lost. A thermoelectric 
  20 generator is composed of n-type and p-type thermoelectric materials that are connected 
electrically in series with metal plates, but thermally in parallel between two surfaces 
(Figure   1-9 and Figure   1-10). When a temperature gradient is applied between these two 
surfaces charge carriers (electrons or holes) move from the warmer side to the cooler side 
resulting in an electrical voltage known as the Seebeck effect, which then drives the 
current to the external source. Thermoelectric devices can also convert electric current to 
a temperature gradient and this is known as the Peltier effect. 
+ -
N P N N P P
Electric current produced
Direction of 
Heat Flow
Hot Surface (Heat Applied)
Heat Source 
Cold Surface (Heat Rejected)
Ceramic 
Wafer
 
Figure   1-9: A cross-sectional schematic of a thermoelectric device, where N and P are n-type and p-type 
thermoelectric materials, they are  connected electrically in series and thermally in parallel.  The 
conversion to current is produced by the temperature gradient, the greater the gradient the larger the 
current produced, which is  due to heat causing movement of the electrons in the semi metals. 
Schematic reproduced from TEG Power.
[63]  
 
Figure    1-10: A schematic of a complete thermoelectric device, showing how n-type and p-type 
semiconductor units are thermally  connected  in parallel between two ceramic substrates  and 
electrically connected in series. The heat is absorbed by the device, this heat then flows though the 
device gradually cooling as it passes though and is then rejected to a cooler sources, the greater the 
temperature gradient across the device the greater the current generated  image taken from Snyder. et 
al.
[64] 
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  28 2  Experimental 
2.1  Materials 
Bismuth powder (Bi (99.999%; Alfa Aesar)), bismuth  nitrate pentahydrate 
(Bi(NO3)3.5H2O (99.999%; Sigma Aldrich)), bismuth (III) citrate (C6H5BiO7 (99.999%; 
325 mesh, Sigma Aldrich)),  tellurium powder (Te (99.999%; Alfa Aesar)), tellurium 
dioxide (TeO2) (99.999%; Sigma Aldrich)), nitric acid (HNO3 (70%w/w lab. reagent 
(Fisher)),  citric  acid (C6H8O7.H2O  (lab.  reagent (99 +%;Fisher)),  sodium citrate 
dihydrate (C6H5Na3O7.2H2O  (lab.  reagent (Assay titration 99-101%;  Fisher)) and 
Brij
®C10 (C16H33(OCH2CH2)nOH, n~10 (Aldrich)), were used as received, aqueous 
solutions were diluted to the calculated volume using deionised water. 
2.2  Characterisation 
The  polarised  optical  microscope used to  obtain information on the birefringence of 
samples when  producing  the phase diagrams was an Olympus BH-2 polarising 
microscope equipped with a Linkam TMS 90 heating/cooling stage accurate to 0.1 °C. 
The scanning electron microscope (SEM) used for the surface imaging of samples was a 
Zeiss EVO LS25, which incorporated energy dispersive X-ray scattering (EDX). Inca 
software was used to analyse the morphology and composition of films.   
Powder X-ray diffraction was carried out to allow for identification of the crystal 
structures present in the films using either a Siemens D5000, Bruker D8 or C2 (GADDS) 
powder X-ray diffractometer, with Cu Kα radiation with a wavelength of 1.54 Å. 
Small angle X-ray scattering (SAXS) was carried out at the University of Reading. The 
instrument used was a Bruker Nanostar, with a wavelength of 1.54 Å, and a Vantec 2000 
2D detector. Information on the mesoporous nanostructure of the films was obtained. 
Wide angle X-ray scattering (WAXS) to obtain information on the crystal structure and 
small angle X-ray scattering (SAXS) to obtain information on the nanostructure of the 
films was carried out at the Diamond Synchrotron source using beam line I22 which is 
the one for non-crystalline diffraction. A wavelength of 1 Å was used.  
The Seebeck measurements were carried out by Alex Cuenat at the National Physics 
Laboratory, London using a custom made Seebeck coefficient measurement unit. 
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The electrolyte solutions produced were made in 50 ml batches and used over a week. 
Before making the electrolyte solutions the glassware was washed with Teepol solution 
overnight and rinsed well (minimum of three washes) in deionised water. Each batch of 
electrolyte was made by measuring out the quantity of metal (bismuth and tellurium) or 
metal salts (bismuth nitrate or bismuth citrate and tellurium dioxide) required to give the 
concentrations shown in Table   2-1. The solutions were calculated by weight for a 50 mM 
volume of electrolyte. The quantity of acid was also calculated and measured to give the 
acid concentrations shown in Table   2-1. When a buffer solution was required this was 
made up in a 25 ml volumetric flask and the appropriate quantity used when making up 
the electrolyte solution. The metals or metal salts and acid (and buffer solution where 
appropriate) were poured into a 50 ml volumetric flask and deionised water added, the 
resulting solution  was stirred overnight. Each of the three sections within Table    2-1 
(separated by the bold black line) show the electrolytes used in chapters 3, 4 and 5 of the 
results and discussion, chapter 6 uses 13 mM bismuth nitrate and 17 mM tellurium with 1 
M nitric acid and looks at the effect of the Brij
®C10 to electrolyte ratio. 
Table   2-1: Table of electrolyte solutions used in the study. 
Electrolyte Solution 
Metal or metal salt Concentrations  Acid and/or buffer Concentration 
7.5 mM Bi, 10 mM Te  1 M HNO3 
7.5 mM Bi, 10 mM Te  1 M citric acid (C6H8O7.H2O) 
3.75 mM Bi, 5 mM Te  0.5 M C6H8O7.H2O 
3.75 mM Bi, 5 mM Te  1 M C6H8O7.H2O 
7.5 mM bismuth nitrate (Bi(NO3)3.5H2O), 10 mM 
tellurium dioxide (TeO2)  1 M C6H8O7.H2O 
7.5 mM Bi(NO3)3.5H2O, 10 mM TeO2  0.5 M C6H8O7.H2O 
3.75 mM Bi(NO3)3.5H2O, 5 mM TeO2  1 M C6H8O7.H2O 
3.75 mM Bi(NO3)3.5H2O, 5 mM TeO2  0.5 M C6H8O7.H2O 
3.75 mM bismuth citrate (C6H5BiO7), 5 mM TeO2  0.5 M C6H8O7.H2O 
7.5 mM C6H5BiO7, 10 mM TeO2  1 M HNO3 
7.5 mM C6H5BiO7, 10 mM TeO2  0.5 M C6H8O7.H2O, 0.5 M sodium citrate 
(C6H5Na3O7.2H2O) 
7.5 C6H5BiO7, 10 mM TeO2  1 M C6H8O7.H2O, 10 mM C6H5Na3O7.2H2O 
7.5 mM C6H5BiO7, 10 mM TeO2  2 M C6H8O7.H2O, 0.25 M C6H5Na3O7.2H2O 
7.5 mM C6H5BiO7, 10 mM TeO2  1.8 M C6H8O7.H2O, 0.387 g C6H5Na3O7.2H2O 
7.5 mM Bi, 10 mM Te  1 M HNO3, 0.1 M C6H8O7.H2O, 50 mM 
C6H5Na3O7.2H2O 
7.5 mM Bi, 10 mM Te  1 M HNO3, 0.1 M C6H8O7.H2O, 50 mM 
C6H5Na3O7.2H2O 
60 mM Bi(NO3)3.5H2O + 10 mM Te  1 M HNO3 
45 mM Bi(NO3)3.5H2O + 10 mM Te  1 M HNO3 
15 mM Bi(NO3)3.5H2O + 10 mM Te  1 M HNO3 
13 mM Bi(NO3)3.5H2O + 17 mM Te  1 M HNO3 
18.75 mM Bi(NO3)3.5H2O + 25 mM Te  1 M HNO3 
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2.4  Lyotropic Liquid Crystal Templating Mixtures 
The lyotropic liquid crystalline templating (LLCT) mixtures used in the electrodeposition 
of the nanostructured mesoporous bismuth telluride films were obtained by mixing 55, 50 
and 45 wt. % of Brij
®C10 with 45, 50 and 55 wt. % of one of the electrolyte solutions 
described in section 2.3. To be able to mix the Brij
®C10, which is a waxy solid, with the 
electrolyte solution it was heated to a minimum of 65 °C in an oven, (above Brij
®C10’s 
melting point) for it to become molten, the aqueous electrolyte solution produced from 
Table   2-1 is then added to the Brij
®C10 and the mixture is stirred vigorously on a vortex 
mixer with additional stirring with a glass rod as required. The mixture is then placed 
back in the oven for 15 minutes to re-melt the mixture, and then stirred again as before; 
this process is then repeated again to give a total of three melts and stirs. 
2.5  Electrochemical Setup 
2.5.1  Glass Cell 
Electrochemical deposition of solutions and mixtures described in section   2.3 and   2.4 
were performed using a three electrode setup combined with an Autolab 
potentiostat/galvanostat
[1] as shown in Figure   2-1. The electrodes used were the saturated 
calomel electrode for the reference; a large area platinum gauze for the counter and the 
working electrode was a gold substrate masked with polyimide tape to prevent edge 
effects during deposition, leaving an exposed area of 1 cm
2. The depositions were carried 
out using potentials between (−0.05) and (−0.15) V vs. (SCE) over either 2 or 10 hours. 
Reference electrode 
             Counter electrode 
Working electrode 
Copper tape 
Gold coated striate  Electrolyte solution 
           Glass cell  
Figure   2‐1: A photo of a standard electrodeposition cell setup with the working and counter electrodes 
facing parallel to each other, while the reference electrode is in the middle, but back a bit to form a 
triangle when viewed from above. 2.5.2  Thin Cell 
Electrodeposition of mixtures was also carried out using the thin cell shown in Figure   2-2 
(schematic) and Figure   2-3 (photos), the cell contains a saturated calomel electrode (SCE) 
as a reference electrode, a large area platinum counter electrode with a hole in the centre, 
and a gold substrate masked with polyimide tape to give an area of 1 cm
2 for the working 
electrode. The cell is built up as depicted in Figure   2-3, this geometry is used to allow the 
counter and working electrodes to sit parallel to one another with proximity of about 3 
mm, this gives a relatively small distance for the ions and electrons to travel, this setup 
also requires less mixture for each measurement so is less wasteful. The cell is then 
combined with an Autolab potentiostat/galvanostat. The deposition was carried out using 
a set potential in the range of (−0.05) and (−0.15) V vs. (SCE) and deposits were carried 
out over periods of 10 or 18 hours.   
 
Figure   2-2: The thin cell used for electrodeposition of LLCT mixtures showing (a) a view from above 
showing the setup of the cell without the second rubber layer and (b) a cross-section showing the 
finished cell, the lower rubber layer has a 1 cm
2 hole where the electrolyte mixture is added, a smear of 
electrolyte is also added between the counter electrode and second rubber layer, and polyimide tape is 
used for holding the cell firmly together. 
 
Figure    2-3: The thin cell used for electrodeposition of LLCT mixtures showing (a) the individual 
components of the cell from left to right, glass base, working electrode with copper tape connection, 
masked by polyamide tape, rubber template hollow for containing the mixture, the counter electrode 
and a rubber top to stop moisture escaping with a hole to allow the reference electrode through; (b) a 
full cell with all three electrode connected up ready to run an experiment. 
1cm copper conductor
glass
polyamide tape
polyamide tape
gold coated sub straight
reference electrode
counter electrode
rubber
copper conductor
glass
b) a)
mixture
hole for reference 
electrode
A  B 
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Powder  X-ray  diffraction,  scanning  electron  microscopy,  energy-dispersive  X-ray 
spectroscopy, Seebeck coefficient and transport properties were used to determine the 
structure, crystallinity, morphology, composition and thermoelectric properties of the 
electrodeposited materials. 
2.6.1  X-ray Diffraction 
X-ray diffraction is usually a non-destructive analytical technique for identification of the 
crystal structure of the material present and it also provides information on the grain size 
and orientation of the material. 
Wide angle X-ray diffraction provides information on the position of the atoms within the 
structures. X-rays are focused on the sample; some interact with the structure and are 
diffracted by the position of the atoms. The diffracted X-rays  interact in either a 
constructive or destructive manner and produce peaks in a diffraction pattern where signal 
intensity is plotted against the angle of incidence, two theta (2θ) (Figure   2-4), the peaks 
produced give information on the structure by using Bragg’s law (Equation 2-1).
[2] 
2dsinθ = nλ or d = nλ/2sinθ            Equation   2-1 
Where d is the spacing between diffraction planes, θ is the incident angle, n is any integer 
and λ is the wavelength of the X-ray beam.  
 
d
2θ
θ
λ
 
Figure   2-4: A schematic diagram demonstrating the interaction of X-rays with a crystalline structure. 
Two X-rays set off together but interact with different layers of the sample, meaning the corresponding 
X-rays diffracted could now be constructive, which means both waves are in sync with each other and 
show as a high intensity peak on a spectrum. However, the X-rays could also be destructive waves and, 
therefore, out of sync and result in no signal on the spectrum.
[2] 
Wide angle XRD shows the crystallographic structure of the sample this is determined 
from the peak positions which enable material identification. The grain or particle size 
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pattern using the Scherrer equation (Equation 2-2). 
D = kλ/βcosθ                Equation   2-2   
Where D is the grain size, λ is the wavelength of the X-ray beam, β is the width of the 
half peak maximum intensity (in radians), θ is the diffraction angle and k is the crystallite 
shape factor. The crystallite shape factor has an approximate value of 0.9, for crystal sizes 
with an average size of 100-200 nm, however peak broadening can also happen due to 
other factors such as instrumental ones and defects in the structure. 
[3]  
Low /small angle X-ray diffraction provides information on the nanostructuring within 
the material, for example when looking at the effects of the LLCT low/small angle XRD 
can be used to show the structure of the sample, e.g. hexagonal or cubic as peaks are 
diffracted  at low angle (approximately 1 to 5 2θ) from back scattered X-rays. The 
position and spacial ratio of the peaks can allow for identification of the phases present, 
for example if peaks with a spacing ratio of 1:√3:2:√7 are observed this indicates the 
presence of the hexagonal phase (see Table   2-2). Figure   2-5 shows an example of a low 
angle spectrum from Hongmei et al.,
[4] for a solution containing 50% Brij
®56 (old trade 
name of Brij
®C10) in a lamellar phase. 
Table   2-2: Spacing ratios of diffraction peaks seen in low angle XRD and used to determine the structure 
2dsinθ = nλ or d = nλ/2sinθ
[5, 6] 
Liquid Crystal Phase  Lattice Planes (hkl)  Spacing ratio 
Hexagonal phase 
100  1 
110  √3 
200  2 
210  √7 
Lamellar 
100  1 
200  2 
300  3 
Cubic 
110  √3 
200  2 
211  √6 
220  √8 
310  √10 
222  √12 
The pore to pore spacing (D(100)) of a hexagonal mesoporous film can be found using the 
lattice plane spacing found from Bragg’s law, (equation 2-1), for the first order diffraction 
peak (d(100)), using this value the pore to pore spacing can be found using trigonometry to 
give equation 2-3. 
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Figure   2-5: An example of a low angle XRD pattern for a solution containing 50% Brij®56 in a lamellar 
phase.
[4] 
2.6.2  Scanning Electron Microscopy 
The scanning electron microscope (SEM) is used to study the morphology and thickness 
of deposited films down to the µm and nm scales. The SEM uses an electron gun to 
produce a beam of high-energy electrons typically 15-20 kV that are focused through a 
series of lenses on to the sample. The electrons from the beam interact with or just below 
the  sample’s surface  resulting in various signals being produced and detected by the 
instruments numerous detectors, see Figure   2-6. The types of signals detected include 
secondary electrons (SE), which are generated from the sample through interaction with 
the electron beam; back-scattered electrons (BSE), which are electrons that have been 
reflected back in the direction of their source; and characteristic X-rays, which are 
discussed in section 2.6.3.  
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Figure   2-6: A schematic diagram of a SEM showing the electron beam passing through various lenses 
and hitting the sample. The scattered electrons are then picked up by the different detectors in the 
sample chamber, i.e the secondary electron and back-scattered electon detector are used for sample 
imaging and the energy dispersive X-ray detector for EDX.
[7] 
2.6.3  Energy-dispersive X-ray Spectroscopy 
Energy-dispersive X-ray spectroscopy (EDX) is used in conjunction with SEM, as seen in 
Figure    2-6, to determine the composition of the film. The EDX  is operated using a 
different detector,  which receives X-rays  generated  from  up to  2 microns  below the 
surface  when the sample interacts with the electron beam (or a X-ray beam)  see 
Figure   2-6.
[8] The X-rays detected when using EDX are the result of the inelastic collision 
of the fired electron with the electrons within an atom’s orbitals (shell) which excites an 
electron within the orbital to a higher energy level, an X-ray is then produced when this 
electron relaxes back down to its original state giving off a fixed wavelength for each 
different relaxation within an element  and  resulting in no physical change to the 
sample.
[9] Two types of X-rays are generated, which are known as characteristic, and 
continuum (Bremsstrahlung) X-rays.  The characteristic X-ray  is  generated when an 
electron from the inner orbitals is ejected after interaction with a high-energy source 
causing a higher orbital electron to fill the space resulting in a release of energy. 
Continuum  X-rays  arise  from electrons interacting with the nucleus of atoms  in the 
sample. 
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Figure   2-7: An example of an EDX spectrum showing the signal from various elements and indicating the 
element peaks for a characteristic X-ray from electrons emitted from the sample and the background 
continuum X-ray from electrons interacting with the nucleus of the elements on the sample.
[10] 
2.6.4  Polarised Optical Microscope 
2.6.4.1  Light 
Light is an electromagnetic wave, different types of light can be defined by their 
characteristic waves and direction. Unpolarised light consists of many different waves 
which are oriented randomly relative to one another as seen in Figure   2-8; each wave has 
oscillating electrical and magnetic vectors which are perpendicular to one another. When 
a beam of light has only one wave with an electrical vector that oscillates in one particular 
direction, this is known as linearly polarised light.
[11] Figure   2-8 shows that using filters 
can lead to polarised light with a single wave direction. Natural light like that from a 
candle and the sun can naturally polarise when it come in contact with certain 
materials.
[12] 
 
Figure   2-8: A  image of non-polarised light showing vectors which oscillate in all directions, the non-
polarised light passes through a vertical filter to produce vertically polarised light which can only 
oscillate in a single direction, this light cannot pass through a horizontal polariser as it does not 
oscillation in the horizontal direction. 
[11] 
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Y 
  37 Crystals are either isotropic or anisotropic, where isotropic crystals interact with light in 
the same way regardless of the orientation of the light for example a cubic structure. 
Anisotropic crystals interact with light differently depending on the lights orientation, 
[13, 
14] when light enters anisotropic crystals at a non-equivalent axis birefringence occurs.
[13] 
Birefringence is where one wave of light has been split into two rays known as ordinary 
(o) and extraordinary (e) rays, this occurs because there are two different refractive 
indexes within the material, at 90° to one another. The ordinary ray is polarised in one 
direction and the extraordinary ray is polarised in a direction which is 90° to the ordinary 
ray; the extraordinary ray travels at a slower velocity than the ordinary ray and so the two 
rays get out of phase with one another meaning that when these two rays are recombined 
by the second polariser the emerging phase of light waves are out of sync with each 
other
[13] Figure   2-9 shows non-polarised light being split and creating two polarised rays 
due to birefringence. 
 
Figure   2-9: An anisotropic crystal creating two polarised light rays (ordinary (o) and extraordinary (e))  of 
different velocities and wave directions from the interaction of a non-polarised light wave with by 
birefringence.
[15] 
The lyotropic liquid crystalline phases that are anisotropic are the hexagonal (HI) and the 
Lamellar (Lα)phases.
[16]  
2.6.4.2  Microscope 
A microscope uses an unpolarised light source and optics to magnify an image, this is the 
same principle as a Polarised Optical Microscope (POM), however, a POM also uses a 
polariser which filters the electromagnetic light waves to produce polarised light and an 
analyser (second polariser), as shown in Figure    2-10, either side of the sample being 
observed, to allow for the identification of phases by their interaction with polarised light, 
as shown Figure   2-11.  
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Figure    2-10: A schematic drawing of the operating of a polarised microscope, showing light being 
refracted through various lens then going through a polariser before hitting the sample and being 
focused by more lens then captured by an analyser.
[12] 
When polarised light hits the sample it will react differently depending on whether the 
sample is made up of isotropic or anisotropic crystals; if the sample is anisotropic the 
polarised light will split as shown in Figure   2-9 to produce ordinary and extraordinary 
rays; the two waves produced will be travelling at different velocities and will pass 
through the analyser which is rotated approx. 45° to the polariser, the analyser allows the 
ordinary and extraordinary rays to merge again but this time they are over lapped due to 
the slowing of the extraordinary ray and the waves interact in either a constructive or 
destructive fashion and so alter the brightness of the observed anisotropic sample.
[12, 13]  
Sample 
Ocular 
Intermediate image plane 
Tube lens 
Analyser 
Back focal plane 
Objective 
Lamp 
Filter holder 
Condenser 
Aperture diaphragm 
Polariser  Field 
Diaphragm 
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Figure   2-11: An image showing how polarised light interacts with an anisotropic crystal and how the 
light is recombined by the analyser. Showing the polarised light hitting the sample and being spilt into  
ordinary and extraordinary light waves, then being collated again by the second polarised but with an 
offset in the wave oscillations allowing the crystal structure to show up as a bright structure, where as 
an isotropic structure would just show as black under these conditions.
[13] 
With the aid of the polarisers we can look at the birefringent properties of LLCT mixtures, 
this allows assignment of different phases by the condition in which an image is viewed. 
The following images shown in Figure   2-12 to Figure   2-14 show examples of how the 
birefringent hexagonal and lamellar phases are viewed under polarised light; as depicted 
by the brightness of the images due to the splitting of the polarised light after it has 
passed through the sample and the constructive interference when the light passes through 
the analyser. Figure   2-15 and Figure   2-16 show the micelle and cubic phases under non-
polarised conditions as depicted by the dullness of the image. These phases cannot be 
seen using polarised light as the phases are not birefringent so the polarised light passes 
through the sample without splitting and therefore gets blocked by the analyser because 
of it only has a single direction of vibration. 
 
Figure    2-12: Optical texture of the hexagonal 
phase in a solution with 50 % Brij®C10 at 25 °C, 
(polarised) 
 
Figure    2-13: Optical texture of the hexagonal 
phase in a solution with 50 % Brij®C10 68.8 °C 
(polarised) 
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Figure    2-14: Optical texture of the lamellar 
Phase in a solution with 50 % Brij®C10 at 70 °C 
(polarised) 
 
Figure    2-15: Optical texture of the micelle 
phase in a solution with 40 % Brij®C10at 80 °C 
(non-polarised) 
 
Figure   2-16: Optical texture of the cubic phase in a solution with 70 % Brij®C10 at 47 °C (non-polarised) 
Figure    2-12  shows a hexagonal phase at room temperature which has a feathery 
appearance and elongated bubbles. The lamellar phase (Figure    2-14) is seen at high 
temperature, this looks like a flowing liquid hexagonal phase by its feathery appearance; 
on cooling the hexagonal phase is reformed (Figure    2-13), which is fixed. Both the 
micelle (Figure   2-15) and cubic (Figure   2-16) phases are not birefringent so are not seen 
under polarised light, therefore the images are taken under normal light conditions and 
appear dull, the micelle phase is depicted by spherical bubbles, whereas the cubic phase is 
spotted. When using polarised light the sample goes black between the hexagonal and 
lamellar phases indicating a cubic phase. The inverse phases are seen in the same way as 
the normal phases and are found after the lamellar phase at higher temperatures and 
concentrations of surfactant. 
2.6.5  Seebeck Coefficient 
The Seebeck coefficient measurement is carried out using a hot probe, the tip of the probe 
is a thermocouple junction, a second thermocouple is attached to the sample at a second 
location, the voltage difference between the thermocouple branches is measured (U1 and 
  41 U2) see Figure   2-17.
[17] The Seebeck coefficient experiments were carried out at NPL by 
Dr. Alex Cuenat  using a custom made Seebeck measurement unit.  The Seebeck 
coefficient measurements can be carried out on the as-deposited films without removing 
the gold substrate as the contribution from the gold substrate is negligible compared to 
that of the film.  The Seebeck coefficient (S (µV K
−1))  is the thermoelectric voltage 
produced per degree of temperature difference, a large value for the Seebeck coefficient 
(~250 µV K
−1)
 will result in a larger ZT value for the material and therefore a more 
efficient thermoelectric device. If the Seebeck coefficient  is positive then the 
semiconductor is p-type and if it is negative then it is n-type. 
 
Figure   2-17: An illustration of equipment used for measuring local variations in the Seebeck coefficient, 
over a given sample, by observation of a voltage difference across the  sample.
[17] 
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  46 3  Improvement to the Standard Electrolyte for Making Better 
Films of Bismuth Telluride 
3.1  Aim 
This chapter will be looking at the effect of adding Brij
®C10 to a solution of 7.5 mM 
bismuth and  10mM  tellurium  in 1 M nitric acid, with the aim of improving the 
thermoelectric properties of the deposited films by using the Brij
®C10 as a template to 
produce films with a mesoporous nanostructure. For the purpose of this report and 
subsequent chapters the electrolyte made from 7.5 mM bismuth and 10 mM tellurium in 1 
M nitric acid has been called the ‘standard electrolyte’.  
3.2  Standard Bismuth Telluride 
Experiments were first carried out using an electrolyte solution containing 7.5 mM 
bismuth and 10 mM tellurium in 1 M nitric acid, this electrolyte solution has previously 
been studied by Martín-González et al. in 2002,
[1] In this study, it is necessary to form 
Bi2Te3 from solution so that electrodeposition can be used along with the surfactant 
Brij
®C10 to produce a mesoporous film. The reaction will take place under strongly 
acidic conditions at low pH values (around 0), and at potentials between (−0.03) and 
(−0.15) V vs. (SCE) as Bi2Te3 should be stable at potentials between (+0.5) to (−0.5) V 
vs. (SCE) at this pH.  
 
Figure   3-1: A cyclic voltammogram, showing potential (E)/ V vs. (SCE) and current (i)/mA of a solution of 
7.5 mM bismuth and 10mM tellurium in 1 M nitric acid. The solution was scanned between the limits of 
(−0.6) and (+0.75) V starting at (+0.4) V vs. (SCE) and sweeping in the negative direction first at a rate of 
0.01 V s
−1, at room temperature, with a 1 cm
2 working electrode, the first cycle is shown,  sample 
code:(SP054).  
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  47 Cyclic Voltammetry (CV) is used as a guide to show the potential where Bi2Te3  is 
deposited from a solution, this can be determined from the position of the reduction peak 
in the spectrum. The CV shown in Figure   3-1 for a solution of 7.5 mM bismuth and 10 
mM tellurium in 1 M nitric acid shows that the reduction of 3HTeO2
+ and 2Bi
3+ and the 
corresponding deposition of Bi2Te3  on to the electrode starts  to occur at (−0.05) V, 
peaking at (−0.12) V, before the reaction becomes controlled by diffusion between (−0.12) 
and (−0.27) V. When the lower limit of the CV scan is reached at (−0.6) V the scan 
sweeps in a positive direction, a crossover of the forward and reverse scans known as the 
nucleation loop highlighted by the black circle in Figure   3-1 is then seen, this nucleation 
loop shows that although the potential is sweeping in the positive direction nucleation is 
still occurring at a faster rate than any oxidation process and so the current remains 
negative. As the potential increases the loop is completed as nucleation can no longer 
occur and the scan levels off before starting the stripping peak (the oxidation of Bi2Te3 to 
give 3HTeO2
+ and 2Bi
3+) which is seen between (+0.29) and (+0.51) V vs. (SCE), this 
peak can be described by the oxidation of Bi2Te3 to form HTeO2
+ and Bi
3+ in solution. 
As a comparison the shape of the voltammogram is similar to the CV’s in  work by 
Naylor
[2] and Tittes.
[3] 
The wide angle XRD pattern shown in Figure   3-2 for a film deposited from the ‘standard 
electrolyte solution’ with the addition of a small quantity of a buffer solution (see Chapter 
4) confirms that the deposited material is Bi2Te3 with peaks assigned to the reflections 
(101), (015), (018), (110) and (205) of Bi2Te3 being observed along with the (111) and 
(200) reflections for the gold substrate. Therefore deposition of Bi2Te3 should be possible 
using solutions similar to this with the addition of the Brij
®C10 mesoporous template. 
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Figure   3-2: Wide angle XRD patterns for film deposited, from solution on a 1 cm
2 gold coated substrate 
for 2 hours at -0.1 V vs. (SCE) using a  electrolyte solution containing 7.5 mM bismuth and 10 mM 
tellurium in 1 M nitric acid with a buffer of 0.1 M citric acid and 50 mM sodium citrate. The XRD was run 
for an hour at a rate 0.5 degrees min
−1 over a range of 0.75 - 10 2θ, where the pdf cards used for the 
assignments are: Bismuth telluride (Bi2Te3) (00-015-0863) and gold (Au) (00-004-0784). 
3.3  Study of the Surfactant Brij
®C10 
Brij
®C10 is the surfactant being investigated as a mesoporous template for the hexagonal 
phase during this study. A CV of Brij
®C10 was carried out to confirm that Brij
®C10 is 
not electrochemically active in the potential window being studied (between (−0.6) and 
(+0.75) V vs. (SCE)). The lack of features in the CV for the Brij
®C10 compared to the 
electrolyte solutions (Figure   3-3), suggests that the Brij
®C10 is stable in the potential 
range (−0.6) to (+0.75) V and  is therefore suitable to use during electrochemical 
depositions. It is also worth noting that the current is three orders of magnitude smaller 
compared with the CVs for the electrolyte, this is an indication that the Brij
®C10 should 
not affect the electrochemical processes during the deposition. 
  49  
Figure   3-3: The CV for Brij
®C10, shows potential (E)/ V vs. (SCE) and current (i)/µA. The CV spectrum was 
carried out between the limits of (−0.6) and (+0.75) V starting at (+0.4) V vs. (SCE) and sweeping in the 
negative direction first at a rate of 0.01 V s
−1, and at room temperature, the second cycle is shown 
sample code:(SP030). 
Polarised optical microscopy  was used to identify specific LLCT phases, which were 
present for different concentrations of electrolyte solution and surfactant. The data was 
used to create a phase diagram, which shows where different phases are present relative 
to the weight percentage of surfactant Brij
®C10 present in solution at different 
temperatures.  
The phase diagram for Brij
®C10 and the electrolyte solution 7.5 mM bismuth and 10 mM 
tellurium in 1 M nitric acid was produced and is shown in Figure   3-4, this shows the 
mesoporous nanostructures present when using different ratios of Brij
®C10 to electrolyte 
solution. The phase diagram can be used as a guide to the ratios of Brij
®C10 to electrolyte 
solution that will be likely to produce a hexagonal nanostructure during the 
electrodeposition of the Bi2Te3  films. Firstly, in producing this phase diagram it was 
shown that although the electrolyte solution does effect phase formation of the Brij
®C10 
template, the production of a hexagonal phase (H1) using Brij
®C10 and this electrolyte is 
possible; in fact, the range where the hexagonal phase is stable for this mixture is wider 
than the region for which it is stable for Brij
®C10 in water (see chapter 1, figure 1-4). The 
hexagonal phase is observed for a range of concentrations from around 25 to 75 wt. % of 
Brij
®C10 at a temperature of 25°C. As the temperature increases the lower wt. % limit 
increases reaching 50 wt. % at a temperature of 75°C, also the higher wt. % limit 
decreases as the temperature is increased. The diagram also shows some instability at 
higher temperatures with two areas of undetermined phases around 60 – 70°C, in these 
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  50 regions it is not clear from the photographs what phase is produced. A large difference is 
observed in the solid/liquid phase (S+L) compared to that in the Brij
®C10 and water 
phase diagram (chapter 1 Figure 1-4), this electrolyte mixture producing only small 
regions containing this phase below 10 and above 80 wt. % Brij
®C10 The region between 
10 and 80 wt. % Brij
®C10 having the micelle and hexagonal phase regions extending so 
that these phases are stable at 25°C. The phase diagram also shows a small area where a 
cubic phase could be produced at around 70 wt. % Brij
®C10 and between 55 and 65°C. 
These differences could be because of the increased hydrogen bonding available to the 
polar head groups on the Brij
®C10 due to the nitrate group having oxygen atoms which 
can act as stronger hydrogen bonding acceptors than the oxygen atoms in water molecules. 
Data was collected by project student Dan O’Reilly, as part of his 3
rd year report with 
guidance and supervision. 
 
Figure   3-4: A phase diagram for Brij
®C10 in a solution containing 7.5 mM bismuth and 10 mM tellurium 
in 1 M nitric acid, plotting Temperature/ °C against weight percentage of Brij
®C10 in the mixture. Phase 
notation: S+L - solid and liquid, L1 - micelle solution, H1 - hexagonal phase, Lα - lamellar phase, V1 - cubic 
phase, V2 - inverse cubic phase and ? - undetermined phase. Data in Appendix B, phase data collected 
by Dan O’Reilly (project student). 
3.4  Study of Mixtures Containing Surfactant and the Effect of 
Depositing at Different Potentials 
A study was carried out for electrodepositions from mixtures containing Brij
®C10 and the 
electrolyte solution (7.5 mM bismuth and 10 mM tellurium in 1 M nitric acid) in a ratio of 
55:45, this ratio being in the region where a hexagonal phase should be produced at 25°C 
according to the phase diagram produced in section   3.3. The effect of depositing thin 
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  51 films using different potentials has also been explored by varying the deposition potential 
between (−0.03) and (−0.15) V vs. SCE. 
3.4.1  Mixture Solution Ratios of 55% Brij
®C10 and 45% Solution  
The CV in Figure   3-5 is of a Brij
®C10 and electrolyte (7.5 mM bismuth and 10 mM 
tellurium in 1 M nitric acid) mixture and can be seen to be similar to the CV for just the 
solution (Figure   3-1). The main difference being that in the mixture there is no nucleation 
loop, this could be contributed to the fact that in the mixture the Brij
®C10 slows the 
movement of the ions (HTeO2
+ and Bi
3+) in the electrolyte solution effectively causing 
there to be a greater diffusion time for the reactive species to reach the working electrode, 
compared with the solution where no Brij
®C10 is present and therefore reducing the rate 
of nucleation. Also the Brij
®C10 blocks the working electrode surface leaving a smaller 
area where the film is deposited. The potential where the Bi2Te3  deposition peak is 
observed is (−0.12) V vs.  (SCE), this is the same potential as was observed for the 
electrolyte solution when no Brij
®C10 was present, although the presence of the Brij
®C10 
makes the peak broader, again this could be due to the Brij
®C10 increasing the diffusion 
time for the reactive species (HTeO2
+ and Bi
3+) and the Brij
®C10 restricting access to the 
working electrode. As the deposition peak is at (−0.12) V vs. (SCE) potentials around this 
peak potential will be considered when studying the effect of potential on the film 
deposition. 
 
Figure   3-5: The CV shows potential (E)/V vs. (SCE) and current (i)/mA for Bi
3+ and HTeO2
+ in a mixture 
with Brij
®C10 in weight ratios of 55:45. The CV were carried out between the limits of (−0.6) and (+0.75) 
V starting at (+0.4) V vs. (SCE) and sweeping in the negative direction first at a rate of 0.01 V s
−1, and at 
room temperature, the first cycle is shown, sample code: (SP022). 
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  52 3.4.1.1  Optimisation of Mixing and Deposition of Material 
A mixture is prepared by melting Brij
®C10 then adding an electrolyte solution containing 
the reactive species Bi
3+ and HTeO2
+ in the desired ratio (7.5 mM bismuth and 10 mM 
tellurium in 1 M nitric acid), this is then mixed. As a homogeneous mixture is desirable 
so that the Brij
®C10 forms the hexagonal nanostructure this preparation was optimised. 
The difference between using a single melt method as described above and denoted as A 
for the low angle XRD in Figure   3-6 is compared with a method whereby extra steps are 
added, these involve the mixture being reheated twice after addition of the solution and 
stirred after each heating; this method is referred to as a triple melt denoted as (B) for the 
XRD in Figure   3-6. The effect of using a vortex mixer instead of manually stirring for a 
triply melted mixture was also considered denoted as (C) for the XRD in Figure   3-6. 
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Figure   3-6: XRD patterns for mixtures containing Brij
®C10 and electrolyte solution in a ratio of (55:45) 
prepared using different methods, the electrolyte solution is the standard solution 7.5 mM bismuth and 
10 mM tellurium in 1 M nitric acid. (A) is a single melt with manual stirring, XRD taken on the D5000 
diffractometer, (B) is a triple melt with manual stirring, XRD measured on the D8 diffractometer, (C) is a 
triple melt and mixed on a vortex mixer, XRD on D8. XRD patterns were run for 2 hours at a rate 0.5 
degrees min
−1  over a range of 1 -  5  2 θ .  W h e r e  t h e  “ L ”  ( L a m e l l a r )  a n d  “ H ”  ( h e x a g o n a l )  s h o w  t h e  
assignment of peaks, for the phases present as shown in Table   3-1. 
The low angle XRD patterns in Figure    3-6  shows evidence of some form of 
nanostructuring with small peaks visible in all three patterns, however, in spectrum A the 
nanostructuring is undermined as only two peaks are observed and these peaks are too 
  53 close together to be from the same phase so could show multiple phases, the first peak 
could be the (100) for the lamellar phase going by the (B and C) but is unconfirmed due 
to the position of the second peak. However, the multiple melts mixes shown in 
diffraction pattern B and C show that there could be both lamellar and hexagonal phases 
present in these mixtures; this has been shown by the peak ratio assignments shown in 
Table   3-1. As the nanostructuring is clear in (B) and (C) compared with (A), this indicates 
that triple melts give better mixing than a single melt, little difference is seen between the 
XRD’s of (B) and (C) indicating that both manual and vortex mixing are effective. 
Table   3-1: The peak assignments for the XRD patterns shown in Figure   3-6, where the green shows a 
ratio for the lamellar phase and the yellow a ratio of hexagonal phase. 
Peak 
No. 
A  B  C 
2theta  d  ratio  (hkl)  2theta  d  ratio  (hkl)  2theta  d  ratio  (hkl) 
1  1.64  53.80  1    1.54  57.29  1  (100)  1.42  62.14  1  (100) 
2  1.96  45.02  1.20    2.60  33.90  1  (100)  2.42  36.46  1  (100) 
3          3.04  29.02  2  (200)  3.02  29.22  2  (200) 
4          4.64  19.02  √3  (110)  4.64  19.02  √3  (110) 
3.4.1.2  Chronoamperometry  
Chronoamperometry is used for depositing Bi2Te3 from solution at a set potential over a 
set time period, see chapter 1 for details. Chronoamperometry has been carried out at a 
number of potentials around the potential of the deposition peak observed in the CV 
(−0.12 V) (Figure   3-5), with various differences in the Chronoamperometry plots being 
observed. 
 
Figure   3-7: A plot for the chronoamperometry deposition from a mixture of Brij
®C10 and an electrolyte 
solution containing 7.5mM bismuth and 10mM tellurium in 1M nitric acid, the ratio of Brij
®C10 to 
electrolyte being 55:45, where the potential was held at −0.05 V vs. (SCE) (red), −0.08 V vs. (SCE) (blue) 
or −0.12 V vs. (SCE) (green), for 18 hr, at room temperature. The plot shows current (i)/mA against time 
(t)/min.  
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  54 The chronoamperometry plot for a deposition of Brij
®C10 and an electrolyte solution 
containing 7.5 mM bismuth and 10 mM tellurium in 1 M nitric acid where the potential 
was (−0.05) V vs. (SCE) is shown in Figure   3-7 (red) a sharp fall in current from (−0.12) 
to (−0.016) mA is observed at the start of the deposition (t = 0). The current then peaks at 
(−0.016) mA, before becoming more negative and decreasing to (−0.022) mA, the region 
between (−0.016) and (−0.022) mA depicts the nucleation zone of the reaction. The 
current  then drops  off towards zero current as the deposition enters  the diffusion 
controlled states of the experiment, trending towards 0 mA and stabilizing for the 
duration of the deposition. 
In a similar manner to the deposition using (−0.05) V vs. (SCE) the chronoamperometry 
plot for the deposition at (−0.08) V vs. (SCE) Figure   3-7 shows an initial sharp fall in 
current from (−0.11) to (−0.022) mA shortly after t = 0, before peaking at (−0.017) mA 
then increasing to (−0.018) mA, this effect is sooner and less pronounced than when the 
potential was (−0.05) V vs. (SCE) Figure   3-7. The current then drops off towards zero 
current as the deposition enters the diffusion controlled state of the experiment. 
The current-time transient for the deposition at (−0.12) V is shown in Figure   3-7 (green), 
a sharp fall in current is observed at start of the experiment from (−0.11) to (−0.05) mA, 
after this the current drops off towards zero current. No peak in current is observed at this 
potential indicating that the process is occurring more quickly than at the less negative 
potentials. 
The three plots show the chronoamperometry experiments for depositions using potentials 
of (−0.05), (−0.08) and (−0.12) V vs. (SCE), these potentials being selected as the peak in 
negative current in the CV (Figure   3-5) for this system occurs at (−0.12) V vs. (SCE). It 
can be seen that when a more negative potential is applied during the deposition the 
chronoamperometry plot changes with the area depicting the nucleation zone becoming 
smaller between the depositions at (−0.05)  and  (−0.08)  V  vs.  (SCE)  and not being 
observed in the plot for the deposition at (−0.12) V vs. (SCE), this indicates an increase in 
the rate of reaction and deposition of material as the rate at which the processes are taking 
place become too quick to be observed at the higher potentials. 
  55 3.4.1.3  Estimation of Film Thickness  
The film thickness can be calculated from charge (Q) observed during the deposition 
using a modified version of the Schlesinger equation (Equation 3-1), as explained in 
chapter 1, section 1.5.2.1.
[4] 
𝐓 = �
𝐌𝐰
𝐧∗𝐅∗𝐀∗[𝗒∗𝐞]� [𝐐 ∗ 𝛎.𝛔]             Equation   3-1 
Where (e) is the space taken up by voids with an assumed value of 0.63 %. The 
thicknesses shown in Table    3-2  have been calculated for depositions using different 
potentials. 
Table    3-2: Table showing  the thickness of films deposited from an electrolyte solution of 7.5mM 
bismuth and 10mM tellurium in 1M nitric acid, the ratio of Brij
®C10 to electrolyte being 55:45, using 
different potentials; thicknesses are estimated using Equation 3-2. 
Potential (V vs, (SCE))  Time (h)  Charge (−C)  Thickness (nm) 
−0.05  18  0.638  152.93 ± 47.034 
−0.08  18  0.461  122.78 ± 37.762 
−0.12  18  0.659  175.52 ± 53.981 
The films produced for all three potentials are between 122 and 175 nm, these thicknesses 
are thin so may make further characterisation difficult. 
3.4.1.4  Effect of Potential on the X-ray Diffraction Pattern 
The difference in the thin films of Bi2Te3 produced using potentials of −0.05, −0.08 and 
−0.12 V vs. (SCE) is studied using XRD, see Figure   3-8. Low angle XRD should give 
information on the presence of any nanostructure in the films. However, the results are 
unclear, the beam intensity of the machine masks any peaks in two of the patterns (A and 
C), showing either that the films were not nanostructured, that the nanostructures have 
partially collapsed leading to disordered porous films
[5] or that the films were too thin for 
a peak to be observed. Plotting the intensity on a log scale still shows no evidence of any 
peaks.  In  spectrum  (B)  one peak is observed at 1.6 2θ  showing  some  form of 
nanostructure, however no other peaks are observed so the phase structure cannot be 
confirmed. Results in the literature for depositions of bismuth in the presence of either 
Brij
®56 (the old trade name of Brij
®C10) or Brij
®76 (the old trade name of Brij
®S10) 
show only one low angle diffraction peak, this is used to confirm the presence of 
mesoporous nanostructure in the bismuth film, although it indicates that the ordering is 
limited.
[5] 
  56 If it is assumed that it is the desired hexagonal phase and assuming the observed peak is 
the first peak d(100) this would give a pore size of D(100) = 5.5 nm. 
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Figure   3-8: Low angle XRD patterns for Bi2Te3 thin films deposited from a mixture of 55% Brij
®C10 and 
45% electrolyte solution containing 7.5mM bismuth and 10mM tellurium in 1M nitric acid. These plots 
are for films deposited at different potentials (A) (−0.05), (B) (−0.08) and (C) (−0.12) V vs. (SCE), with 2θ 
plotted against an arbitrary number, XRDs were run for an hour at a rate 0.5 degrees min
−1 over a range 
of 0.75 -10 2θ, (SP061, 59, 62). 
3.4.1.5  Effect of Potential on the Surface Morphology  
The images in Table    3-3  show the surface morphology  of depositions carried out at 
potentials between (−0.03) and (−0.15) V vs. (SCE) for a mixture containing Brij
®C10 
and an electrolyte of 7.5 mM bismuth and 10 mM tellurium dissolved in 1 M nitric acid 
(55:45) on a gold substrate. The evidence from the SEM, from looking at the images in 
Table   3-3 would suggest that depositions at (−0.03) V vs. (SCE) give a more uniform 
coverage compared to depositions at (−0.08) V vs. (SCE) the images of which are at a 
similar magnification, and the deposition at (−0.12) V vs. (SCE) has more coverage than 
that of (−0.15) V vs. (SCE) these images are at a reduced magnification compared to 
those for (−0.05) and (−0.08) V vs. (SCE). Overall can be seen that when more negative 
potentials are used larger formations of Bi2Te3 giving a more patchy coverage are seen, 
this indicates that there are less nucleation centres and a less ordered coverage when the 
films are deposited more quickly.  Whereas at (−0.03) V vs. (SCE) there is a greater 
coverage and a more uniform structure this is because the less negative potential allows 
for a slower rate of reaction and slower deposition allowing more time for a greater 
  57 number of nucleation sites to form and for the structure to become ordered therefore 
giving a better coverage of the substrate. 
Table   3-3: SEM images of films deposited from a mixture of Brij
®C10 and a solution containing 7.5 mM 
bismuth and 10 mM tellurium in 1 M nitric acid (55:45), at a range of potentials between (−0.03) and 
(−0.15) V vs. (SCE) as indicated. The magnification used for each image along with a scale bar is also 
shown.  
3.4.1.6  Seebeck Coefficient Measurements 
Seebeck coefficient  measurements have been carried out by Dr Alex Cuenat at the 
National Physics Laboratory (NPL), on six films deposited at different potentials ranging 
from (−0.03) to (−0.15) V vs. (SCE) for 7.5 mM bismuth and 10 mM tellurium dissolved 
in 1 M nitric acid, these all gave similar values of 20 µV K
−1 for the Seebeck coefficient, 
the  positive value
[6]  this is not what was expected from the electrolyte solution and 
conditions used which were expected to give n-type materials. This also differs from 
measurements on Bi2Te3 films in the literature which are generally n-type and have a 
Seebeck coefficient of about (−40) to (−60) µV K
−1.
[7] The films have a resistivity of 
around 3 × 10
−5 Ωm, which is similar to that for bulk Bi2Te3 materials.
[6] However, the 
poor uniformity of the films will mean that the values obtained for these measurements 
are not 100 % accurate , accurate measurements require complete sample uniformity. 
   
A: (−0.03) V vs. (SCE) scale bar (10 µm), mag=4.39K 
EHT=15 kV 
B: (−0.08) V vs. (SCE) scale bar  (10 µm), 
mag=2.98K EHT=15 kV 
   
C: (−0.12) V vs. (SCE) scale bar  (20 µm), 
mag=1.15K EHT=15 kV 
D: (−0.15) V vs. (SCE) scale bar  (20 µm), 
mag=1.92K EHT=15 kV 
  58 3.5  Effect of Different Ratios of Brij
®C10 to Electrolyte Solution  
The CV shown in Figure   3-9 is for three mixtures of Brij
®C10 and electrolyte solution 
(7.5 mM bismuth and 10 mM tellurium in 1 M nitric acid), it shows the effect of changing 
the ratio of Brij
®C10 to electrolyte solution. The phase diagram for this system Figure   3-4 
indicates that all three of these mixtures should result in structures with a hexagonal phase. 
It can be observed that an increase in the quantity of the solution present produces a shift 
in the position of the CV peaks and a change in their shape. When less Brij
®C10 (45 
wt. %) is present the peaks are sharper and higher currents are reached with a current of 
(−1.03) mA being reached at a potential of (−0.097) V vs. (SCE) for the 45:55 (Brij
®C10: 
electrolyte) mixture, this is due to the mixture being less viscous and therefore aiding in 
the transfer of ions between the bulk and working electrode allowing them to position and 
deposit more quickly. As the quantity of Brij
®C10 present increases the peaks become 
broader and shift to more negative potentials, with a current of (−0.7) mA being reached 
at a potential of (−0.131) V vs. (SCE) for the 55:45 ratio, this is because when lower 
ratios of Brij
®C10 are present the reactions can happen quicker with the extra Brij
®C10 
increasing the time it takes for the reactive species to diffuse to the working electrode and 
blocking more of the working electrode.  Also, the space between the onset of the 
depositing and stripping peaks is less when less Brij
®C10 is present, this also shows that 
this reaction can happen more easily with lower ratios of Brij
®C10. 
 
Figure   3-9: The CV, shows potential (E)/V and current (i)/mA for LLCT mixture containing Brij
®C10 and 
7.5 mM bismuth and 10 mM tellurium in 1 M nitric acid showing the effect of changing the Brij
®C10 
solution ratio; CVs are shown for ratios of 55:45, 50:50 and 45:55 (Brij
®C10: electrolyte solution) ratios, 
sample codes:(SP040, 41, 42 respectively). Scans start at (+0.4) V vs. (SCE) sweeping in the negative 
direction first between the limits of (−0.6) and (+0.75) V vs. (SCE), at a rate of 0.01 V s
−1, the third cycle is 
shown in all cases. 
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  59 The effects of changing the ratio of Brij
®C10 to solution can also be studied by looking at 
the XRD patterns for the mixtures. XRD for mixtures containing Brij
®C10 and electrolyte 
solution in ratios of 50:50 (Figure   3-10) and 45:55 (Figure   3-11) all show one peak in the 
same position for mixtures containing different ratios of Brij
®C10 to solution, but 
prepared in the same way, with only one peak present no assignment of the structures 
formed can be made. The most significant differences in the XRD patterns are due to the 
addition of vortex mixing; this causes the peak to move (Figure   3-10). 
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Figure   3-10: Low angle XRD patterns for mixtures containing Brij
®C10 and electrolyte solution of 7.5 mM 
bismuth and 10 mM tellurium in 1 M nitric acid in a 50:50 ratio. These plots are for mixtures prepared 
using (A) triple melt with manual mixing, and (B) triple melt with vortex mixing, plotting 2θ against 
intensity/arbitrary number, XRDs were run for an hour at a rate 0.5 degrees min
−1 over a range of 0.75 - 
10 2θ. 
The XRD patterns in Figure   3-10 indicate some form of nanostructuring (patterns A and 
B), however, it is undermined as only one peak is observed, this is because although there 
are two peaks in spectrum A the ratios are too close to match with a given phase, but 
could show that there are a mixture of phases. 
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Figure   3-11: Low angle XRD patterns for mixtures containing Brij®C10 and electrolyte solution of 7.5 mM 
bismuth and 10 mM tellurium in 1 M nitric acid in a 45:55 ratio. These plots are for mixtures prepared 
using (A) triple melt with manual mixing, and (B) triple melt with vortex mixing, plotting 2θ against 
intensity/arbitrary number, XRDs were run for an hour at a rate 0.5 degrees min
−1 over a range of 0.75 - 
10 2θ. 
Again the XRD patterns in Figure    3-11  show that there could be some form of 
nanostructuring in (A and B), but this is undermined as only one peak is present and at 
least two are required for structural determination. The 45:55 mixtures also show very 
little difference between the manually mixed (A) and the vortex mixed mixtures (B), 
however, a shift in the position of the peak, the same shift as for the 50:50 mixture, which 
could indicate better mixing from the vortex mixing method. 
 
3.6  Conclusion 
Work has been carried out on a standard electrolyte solution formed of 7.5 mM bismuth 
and 10 mM tellurium in 1 M nitric acid. It has been confirmed that this solution produces 
a CV similar to those seen in the literature before the addition of any Brij
®C10 surfactant. 
Optimisation of the experimental setup has been carried out so that a thin film cell can be 
used instead of the conventional cell with the results shown being obtained using this cell. 
The addition of Brij
®C10 to the electrolyte solution, has been demonstrated; the main 
change in the CV is that no nucleation loop is seen, this is thought to be due to the 
  61 Brij
®C10 slowing the movement of the ions HTeO2
+ and Bi
3+ to the electrode surface and 
therefore slowing the reaction. The effect of different methods of preparing the mixtures 
containing the Brij
®C10 surfactant has been studied, results showing that the method of 
mixing has a large effect on the films formed, with melting the Brij
®C10 and mixing 
three times producing a better structured film. The effect of depositing thin films using 
different potentials has also been studied with the time-current transient indicating that a 
more negative potentials gives  a quicker  rate of deposition, however thickness 
calculations do not indicate significant change between these potentials with thickness of 
122 to 175 nm being obtained. SEM images show that more negative potentials produce 
films which are patchy and have a less even coverage than those produced using less 
negative potentials. The effect of using different ratios of Brij
®C10 to solution was also 
studied and shows that extra Brij
®C10  gives CV  with broader peaks with the peaks 
shifted to  lower potentials;  this therefore indicates that Brij
®C10  slows the rate of 
diffusion of the reactive species to the working electrode and therefore causes the 
reactions to happen more slowly. Low angle XRD  patterns  show evidence of 
nanostructuring with a mixture of hexagonal and lamellar phases being identified for 
some examples, however, phase identification was not always possible as often only one 
peak was observed this is thought to be due to the films being too thin with the range of 
thicknesses estimated from the charge during the deposition  for the three different 
potentials (−0.05, −0.08 and −0.12) V vs. (SCE) being 122.8 ± 37.8 to 175.5 ± 54.0 nm. 
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  66 4  Studying Improvements through Changes to the Electrolyte 
Solution. 
4.1  Aim 
The aim of this chapter is to look at the effects of changing the electrolyte solution in 
order to improve the deposition of Bi2Te3  compared to the depositions achieved in 
chapter 3. The electrolyte solutions studied contain varying concentrations of citric acid 
and sodium citrate, and different metal salts (bismuth nitrate pentahydrate, bismuth citrate 
and tellurium oxide). 
4.2  Optimisation of Electrolyte 
While the standard deposition method, described in chapter 3, section 3.4 is suitable for 
depositing films from solutions  it  has not been producing thick enough films  for 
characterisation  when using the liquid crystal template Brij
®C10. Therefore,  an 
investigation into the composition  of the electrolyte was carried out  with the aim of 
improving the films produced. This chapter focuses on the addition of citric acid and 
sodium citrate; citric acid is used as a complexing agent and has been reported to increase 
the solubility of tellurium 
[1] so should improve the rate of deposition for the tellurium 
ions (HTeO2
+). 
4.2.1  Study of the use of a Citric Acid and Sodium Citrate Buffer 
Firstly replacing the nitric acid (HNO3) with citric acid (C6H8O7), was done following 
the work done by Xiaohong et al. in 2006 
[1] for a CdTe system, which was formed in a 
similar way to the BiTe system being investigated here. It also requires the presence of 
the HTeO2
+
 ion, which is formed at low pH. The idea that the organic citric acid will 
produce a thicker film was due to reports that it acts as a complexing agent and improves 
the solubility of tellurium oxide by a magnitude of three at a pH of 3,
[1] this should also 
help to increase the thickness of the deposited films. However, it was quickly realised that 
citric acid wasn’t a strong enough acid to dissolve bismuth or either of the bismuth salts 
(bismuth nitrate pentahydrate ([Bi(NO3)3].5H2O) and bismuth (III) citrate (C6H5BiO7) 
with bismuth citrate being particularly insoluble,) at a variety of different concentrations 
as shown in Table A-1, of appendix A, depicted by the salmon coloured section. The 
citric acid acts by converting the bismuth or bismuth nitrate to bismuth citrate by 
complexation  with the citrate  ions, the citrate ions containing carboxylic acid groups 
  67 which will favourably replace any nitrate ions.
[2] This was further verified by experiments 
to dissolve bismuth citrate and tellurium dioxide (TeO2), in citric acid either separately or 
together which show that the citric acid doesn’t dissolve the bismuth or bismuth citrate, 
but does dissolve the tellurium. These experiments are highlighted in purple in Table A-1, 
of appendix A. Bismuth citrate was found to be more soluble in nitric acid however it still 
didn’t fully dissolve (blue section in appendix A, Table A-1).  Table    4-1  shows the 
chemical structures for the acids and metal salts used. 
Table   4-1: Chemical structures for the chemicals used in this chapter 
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In 2010 Kuleshova et  al.
[3]  used a buffer solution containing sodium citrate 
(C6H5Na3O7·2H2O), and citric acid  (C6H8O7), the buffer was used to promote 
dissolution of antimony by complexation, to make p-type materials from Bi and Te metal. 
It is also known to reduce pitting and pinholes in the deposited film allowing for a more 
even coverage, this is because the addition of the buffer reduces interfacial tension and 
allows for easier release of gas bubbles.
[3] A similar method was investigated here by 
using a 1:1 mixture of sodium citrate and citric acid to make a 1 M buffer solution with 
the intent of increasing the solubility of both tellurium and bismuth (and its salts bismuth 
citrate and bismuth nitrate). An example of this involved using 0.5 M sodium citrate in 
equal concentrations with 0.5 M citric acid to dissolve 7.5 mM bismuth citrate and 10 
mM tellurium dioxide, however this led to a reduction in the quantity of HTeO2
+ being 
formed as indicated in the CV due to the solution having a pH of 3.9 so not being strongly 
acidic enough, as stated in (chapter 1 section 1.2.1) and shown by the Pourbaix diagram 
  68 (chapter 1 figure 1-2) a lower pH close to 0 being critical for the production of HTeO2
+
 as 
this is where it is most stable. Control of the pH was attempted using a buffer calculator 
along with trial and error, this involved using increased amounts of citric acid (up to a 
concentration of 2 M) and reduced amounts of sodium citrate, this had the desired effect 
of reducing the pH to a value of 1.5; however, all solutions containing less than 0.25 M 
sodium citrate were cloudy indicating that the concentrations of sodium citrate above 0.25 
M are required to improve the solubility, these solutions are described in the green section 
of appendix A, Table A-1.  
Kuleshova et al.
[3] also show that BiTeSb can be deposited from a solution of 1 mM 
bismuth,  10 mM tellurium
+  and 20 M antimony chloride (SbCl3) in 1 M nitric acid 
containing a smaller quantity of buffer solution made using 0.1 M citric acid and 50 mM 
sodium citrate. Adapting this method to produce a BixTex film by using bismuth and 
tellurium dioxide, gave a solution with a pH of ~0.2 which is low enough for HTeO2
+ to 
be formed this solution is described in the orange section of appendix A, Table A-1, 
where table A-1 is the complete table of solutions used, Table   4-2 shows is used as a 
reference  for the solution discussed for the purpose of discussion between analytical 
techniques. 
Table   4-2: Table of solutions that are discussed in this section. Alphabetic code represents the solutions 
corresponding to the CVs and XRD patterns presented later in the chapter. 
Solution make up 50 ml 
Code  Metal Concentration  Electrolyte 
Concentration  Solution Out come  
SE  7.5 mM Bi, 10 mM Te  1 M HNO3  ‘Standard Electrolyte’ 
dissolved 
A  7.5 mM C6H5BiO7, 10 mM TeO2  1 M HNO3  Mostly dissolved, mixture 
made. 
B  7.5 mM C6H5BiO7, 10 mM TeO2  0.5 M C6H8O7.H2O, 0.5 
M C6H5Na3O7.2H2O  Dissolved, but pH = 3.99 
C  7.5 mM Bi, 10 mM Te 
1 M HNO3, 0.1 M 
C6H8O7, 50 mM 
C6H5Na3O7.2H2O 
pH = 0.208, precipitated 
out after a week of 
standing 
4.2.1.1  Study of phases formed by Brij®C10 and Electrolytes containing Bismuth 
Citrate Salt or a Citric Acid Buffer 
POM was used to produce phase diagrams for mixtures of Brij
®C10 with solution (A) 
(7.5 mM bismuth citrate and 10mM tellurium dioxide in 1 M nitric acid) from Table   4-2. 
A phase diagram was also produced for this solution (Figure   4-1) along with one for this 
solution with the addition of a buffer solution made up of 0.1 M citric acid and 50 mM 
sodium citrate (Figure   4-2). The phase diagrams (Figure   4-1 and Figure   4-2) demonstrate 
  69 how  the buffer  solution  effects  the ratios of Brij
®C10 to solution needed to obtain a 
particular phase, the formation of the phase diagrams is explained in detail (chapter 1, 
section 1.4.3.2), in brief it is a plot of phase boundaries at different concentrations again 
temperature. 
 
Figure   4-1: A phase diagram for Brij
®C10 and electrolyte solution of 7.5 mM bismuth citrate and 10 mM 
tellurium dioxide  in 1 M nitric acid. Phase notation: S+L- solid and liquid, L1- micelle solution, H1- 
hexagonal phase, H2- inverse hexagonal phase, V1- cubic, Lα- lamellar phase and V2- inverse cubic phase. 
Photos and summary of data collected is shown in Appendix C.1, phase data collected by Dan O’Reilly 
(project student). 
Figure   4-1 shows the phase diagram for Brij
®C10 with an electrolyte solution made from 
7.5 mM bismuth citrate, 10 mM tellurium dioxide and 1M nitric acid. The phase diagram 
shows a relativity large area where the hexagonal phase is produced between around 25 
and 60 wt. % Brij
®C10 and up to temperatures of 75°C, this area is similar to that shown 
in the phase diagram for the ‘standard electrolyte’ Brij
®C10 with 7.5 mM bismuth and 10 
mM tellurium in 1M nitric acid, see chapter 3 figure 3-4. It is not too surprising that the 
phases formed by the Brij
®C10 template and these electrolytes are similar as the same 
Bi
3+ and HTeO2
+ ions will be present in solution, with the addition of a only a relatively 
small quantity of C6H5O7
3− ions. This electrolyte mixture also gives a small area covered 
by the solid/liquid phase (S+L) at low temperatures and a Brij
®C10 wt. % above 60 % 
and has an area at high temperature where the phase could not be determined. However, 
in this phase diagram there is a much larger area covered by the cubic phase (V1), which 
exists at Brij
®C10 wt. % between 60 and 70 %, but extents to much lower temperatures 
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  70 than that seen when using the ‘standard electrolyte’, which suggests that the C6H5O7
3− 
ions help to stabilise this phase at lower temperatures. 
 
Figure   4-2: Phase diagram for Brij
®C10 and electrolyte solution containing 7.5 mM bismuth citrate and 
10 mM tellurium dioxide in 1 M nitric acid with a buffer solution of 0.1 M citric acid and 50 mM sodium 
citrate. Phase notation: S+L- solid and liquid, L1- micelle solution, H1- hexagonal phase, V1- cubic, Lα- 
lamellar phase and V2- inverse cubic phase. Photos and a summary of the data are shown in Appendix 
C2, phase data collected by Dan O’Reilly (project student). 
Figure    4-2  shows a  phase diagram for  the same electrolyte as in  Figure    4-1, which 
contains 7.5 mM bismuth citrate and 10 mM tellurium dioxide in 1 M nitric acid, but with 
the addition of a buffer solution, this buffer is made up of 0.1 M citric acid and 50 mM 
sodium citrate. Comparison of this phase diagram with the one for the solution without 
buffer shows that the buffer solution has stabilised the hexagonal region, by removing the 
cubic phase (V1), seen in Figure   4-1, between 60 -70 % Brij
®C10 wt. % and producing a 
wider area where the hexagonal phase is present. Also, the buffer solution has produced a 
more stable phase in the previously undetermined area between 80 - 90% Brij
®C10 wt. % 
seen in Figure   4-1, and enabled the phase in this region to be identified as a lamellar 
phase, see Figure   4-2. These phase diagrams demonstrate how the addition of C6H5O7
3− 
and Na
+ ions to an electrolyte solution can allow for different phases to be stabilised, this 
may be due to the additional ions interacting with the Brij
®C10, for example the 
C6H5O7
3− ions could hydrogen bond to the hydrophilic heads in the Brij
®C10 molecules; 
this method of stabilising different phases could assist in the deposition of different 
nanostructured materials by stabilising the phase of interest. 
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4.2.1.2  Comparison of Electrolytes containing Bismuth Citrate Salt or a Citric Acid 
Buffer through Cyclic Voltammetry 
Cyclic voltammetry was performed on various solutions containing bismuth and tellurium 
(described in Table   4-2). The position of the deposition peak indicates the range where 
depositions can be carried out and the electrochemistry also provides an indication of the 
species present in solution. The CVs show that the  quantity  of nitric acid and citric 
acid/bismuth citrate/sodium citrate present  affects the electrochemistry observed 
including the deposition potential for depositing films (see  Figure   4-3).  
 
 Figure   4-3: The CVs show potential (E)/V vs. (SCE) and current (i)/mA for four electrolyte solutions, as 
indicated in the key also alphabetised to correspond to Table   4-2. The CVs were carried out between the 
limits of (−0.6) and (+0.75) V starting at (+0.4) V vs. (SCE) and sweeping in the negative direction first at 
a rate of 0.01 V s
−1, and at room temperature; the arrows indicate the axis used for each voltammogram. 
The first cycle for each solution is shown.  
When nitric acid is used as the main species in the electrolyte with bismuth citrate and 
tellurium oxide providing the reactive species (solution A) there is little difference to that 
of the ‘standard electrolyte’ (purple curve) (blue curve in  Figure   4-3) with a small shift in 
the potential of the deposition peak to a less negative value, this shows that forming the 
solution using a bismuth salt instead of bismuth metal has not had a significant effect on 
the electrochemistry of the solution produced. The addition of citric acid and sodium 
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  72 citrate as a buffer to control the pH of the solution (green curve) also has little effect on 
the potential of the deposition peak. These modifications to the electrolyte solution have 
had an effect on the position of the oxidation peak at (+0.4) V vs. (SCE) moving it to a 
slightly more positive potential. The pH for all these solutions is <1, which means that the 
both Bi
3+ and HTeO2
+ will be present in solution and available for reaction to form the 
desired Bi2Te3.  
However, when the citric acid is used as the main species in the electrolyte (solution B) 
(red curve) a large difference in the CV is observed, which is not unexpected as the pH 
for the 0.5 M citric acid and 0.5M sodium citrate solution is 3.99. Firstly the size of the 
currents observed is two orders of magnitude less than those for the other CVs (shown by 
the left axis instead of the right axis) this shows that a limited amount of material is 
deposited in comparison to that deposited from the other electrolyte mixtures as shown in  
Figure   4-3. Further evidence of the limited use of citric acid in an electrolyte is shown by 
the position of the oxidation peaks, the large peak at (+0.2) V vs (SCE) is associated with 
the oxidation of Bi
3+  and the small peak at (+0.45) V  vs (SCE) is the peak for the 
oxidation and stripping of Bi2Te3, this means that more bismuth is available for reaction 
in the electrolyte compared to tellurium. These observations could be due to the 
HTeO2
+ ion  that is required for the reaction to form Bi2Te3  not being stable in this 
electrolyte solution because the pH of this solution is 3.99 and HTeO2
+ is only stable in a 
small pH range around 0 as shown in the Pourbaix diagram chapter 1 figure 1-2. 
These observed changes to the electrochemistry show that the change from nitric acid to 
citric acid as the base for the electrolyte solution has a significant effect on the species 
present in solution due to the change in pH between the two, this observation could be 
predicted by reference to the Pourbaix diagram which shows HTeO2
+ to only be stable at 
pH values around 0. However, addition of small quantities of citrate ions (C6H5O7
3−) by 
using a bismuth citrate salt and/or a buffer solution containing both citrate acid and 
sodium citrate is acceptable as long as the pH of the solution remains low enough for the 
existence of the HTeO2
+ ion in the solution. 
  73 4.2.1.2.1  Estimation of Film Thickness for Films Deposited from Various Electrolyte 
Solutions 
The thicknesses were calculated from the charge during the deposition using the 
Schlesinger equation (see chapter 1, Equation 1-6), to compare the mixtures containing 
solutions B and C with the thickness estimated for the standard electrolyte (see Table   4-1).  
Table   4-3: Table showing the calculated thicknesses of films deposited from solutions (B) and (C) and the 
standard electrolyte (SE), mixed with Brij
®C10 in a 55:45 Brij
®C10:electrolyte ratio; with thicknesses 
being estimated from Equation 1-6 (chapter 1). 
Solution 
Potential 
(V vs, (SCE)) 
Time (h)  Charge (−C)  Thickness (nm) 
(B) Brij
®C10:7.5 mM C6H5BiO7 and 
10 mM TeO2 in 0.5 M C6H8O7 and 
0.5 M C6H5Na3O7 · 2H2O (55:45) 
−0.05  10  0.286  76.2 ± 23.4 
−0.15  10  0.009  2.2 ± 0.7 
(C) Brij
®C10:7.5 mM Bi and 10 mM 
Te in 1 M HNO3 and 0.1 M C6H8O7 
and 50 mM C6H5Na3O7 · 2H2O 
(55:45) 
−0.10  10  0.240  63.9 ± 19.7 
(SE) Brij
®C10:7.5 mM Bi and 10 mM 
Te in 1 M HNO3 (55:45) 
−0.10  10  0.395  105.2 ± 32.4 
The table shows that a variation in the film thickness is observed between 2 and 105 nm. 
Mixture (C) shows that the addition of a buffer solution containing 0.1 M citric acid and 
50 mM sodium citrate to the ‘standard electrolyte’ solution has given a film thicknesses 
of 63.9 ± 19.7 nm, this is thinner than the thickness seen for the ‘standard electrolyte’ of 
105.2 ± 32.4 nm, this differs with the observation from the CV Figure   4-3, which seemed 
to show that the buffer had little effect on the deposition peak for this solution compared 
to the standard electrolyte. However the CVs were carried out on the solutions with no 
Brij
®C10 present, so this indicates that the buffer may slow the deposition rate when 
Brij
®C10 is present. 
Comparison of the thicknesses obtained from mixture (B) to those of the standard 
solution is more difficult as the two potentials shown give different values. The two 
thicknesses calculated from the depositions using mixture (B) show that at lower 
potentials closer to where the peak is seen in the CV gives a thinner film has been 
deposited. This is clearly seen by the deposition at (−0.05) V vs. (SCE) giving a thickness 
of 76.2 ± 23.4 nm and the deposition at (−0.15) V vs. (SCE) giving 2.2 ± 0.7 nm, this 
could be because at less negative potentials the Bi
3+ and HTeO2
+ ions have more time to 
arrange themselves to deposit, however a thicker film would have been expected at lower 
potentials as the reaction should happen more quickly therefore the reason the lower 
  74 potential gives a thinner film could be that there was a lose connection or that the 
electrodes touched and therefore the deposition was not successful, but no film was found 
to be thicker than the ‘standard electrolyte’ of 105.2 ± 32.4 nm. However, it is worth 
noting that this solution had a pH of 3.99 and therefore the HTeO2
+ ion that is required for 
the reaction to form Bi2Te3  is not stable in this electrolyte solution, therefore it is 
surprising that a film thickness comparable to that for the mixture (C) was obtained when 
using (−0.05) V vs. (SCE). Overall it can be seen that the film thicknesses are still thin 
and have not altered significantly from that obtained from the standard electrolyte mixture 
so this may make characterisation difficult. 
4.2.1.3  Comparison of Films Deposited using Electrolytes containing the Bismuth 
Citrate Salt or a Citric Acid Buffer through X-ray Diffraction Patterns  
Selected wide angle XRD patterns  for  films deposited  from mixtures  made using 
Brij
®C10 and different solutions in a ratio of 55:45 are shown in Figure   4-4 (A) and (C) 
with Figure   4-4 (B) showing the wide angle XRD pattern of a film deposited straight 
from  a solution. The XRD patterns are alphabetised to corresponds with  Table    4-2, 
therefore XRD pattern (A) is (7.5 mM bismuth citrate and 10 mM tellurium dioxide in 1 
M nitric acid), pattern (B) is (7.5 mM bismuth citrate and 10 mM tellurium dioxide in 0.5 
M citric acid and 0.5 M sodium citrate) and pattern (C) is (7.5 mM bismuth and 10 mM 
tellurium in 1 M nitric acid with a buffer solution of 0.1 M citric acid and 50 mM sodium 
citrate). These three patterns are all for deposited mixtures where each of the three 
electrolyte solutions mentioned above have been mixed with Brij
®C10 in a ratio of 55:45, 
(Brij
®C10:electrolyte solution) on a weight percent basis. The diffraction patterns show 
small peaks in the correct positions for the (015) and (110) peaks of Bi2Te3 indicating 
that the correct structure has been formed, peaks from the gold substrate are also observed. 
Overall the wide angle XRD patterns are more conclusive than those seen previously for 
7.5 mM bismuth and 10 mM tellurium in 1 M nitric acid mixed with Brij
®C10 (chapter 3), 
showing the Bi2Te3 structure to be present; this structure has been seen previously with 
the ‘standard electrolyte’ when deposited from electrolyte solutions with no Brij
®C10 
present and in the literature. The most intense peaks are seen for the film deposited from 
solution (B) in Figure   4-4, with smaller peaks being seen for the films deposited from 
mixtures containing Brij
®C10 (A and C) in Figure   4-4, this is because less material will 
have been deposited due to the nanostructuring of these deposits. Comparing the 
diffraction patterns of films deposited from mixtures (A and C) containing Brij
®C10 it 
  75 can be seen that the most intense peaks are seen in diffraction pattern (C) (bismuth and 
tellurium in nitric acid with a buffer solution of 0.1 M citric acid and 50 mM sodium 
citrate), this indicates that the use of a buffer solution produces afilm which contains 
more crystalline material; however these more intense peaks cannot be used as an 
indication of film thickness as amorphous material may also be present. 
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Figure   4-4: Wide angle XRD of deposited films (A and C) are made from LLCT mixtures of Brij
®C10 and 
solution in a ratio of 55:45, and (B) is deposited from electrolyte solution , where the diffraction pattern 
and  solution  letters corresponds with Table    4-2  and are (A) 7.5 mM bismuth citrate  and 10 mM 
tellurium dioxide in 1 M nitric acid, with the film shown deposited at (−0.12) V vs. (SCE), (B) 7.5 mM 
bismuth citrate and 10 mM tellurium dioxide in 0.5 M citric acid and 0.5 M sodium citrate, with the film 
shown deposited at (−0.45) V vs. (SCE), and (C) 7.5 mM bismuth and 10 mM tellurium in 1 M nitric acid 
with 0.1 M citric acid and 50 mM sodium citrate, with the film shown deposited at (−0.10) V vs. (SCE), 
where B is a solution only. The plot indicates the positions of the gold from the substrate and the 
orientation of the (hkl) values denoting the presence Bi2Te3, XRD patterns are recorded on the C2 
(GADDS) diffractometer. 
4.2.1.4  Seebeck Coefficient Measurements for Deposited Films 
The Seebeck coefficient measurements were carried out on deposited films made using 
various mixtures containing Brij
®C10 and electrolyte solutions, in a ratio of 55:45 for 
samples (A and C) as indicated in Table   4-2, whereas sample (B) was deposited from 
solution only. The solutions contain (A) 7.5 mM bismuth citrate and 10 mM tellurium 
oxide in 1 M nitric acid, (B) 7.5 mM bismuth citrate and 10 mM tellurium oxide in 0.5 M 
citric acid and 0.5 M sodium citrate and (C) 7.5 mM bismuth and 10 mM tellurium in 1 M 
nitric acid and 0.1 M citric acid and 50 mM sodium citrate, the films were deposited at 
the  potentials of (A) (−0.12), (B) (−0.45) and (C) (−0.10) V vs. (SCE) respectively , 
  76 these all gave similar values of 20 µV K
−1 for the Seebeck coefficient, the positive value 
showing that films are p-type and therefore indicating that the films are bismuth rich; this 
is not what we were expecting as the aim was to produce n-type Bi2Te3. The films have a 
resistivity of around 3 × 10
−5 Ωm this is similar to the values for films deposited using 
7.5 mM bismuth and 10 mM tellurium dissolved in 1 M nitric acid from chapter 3. 
4.2.2   Study of the Use of Bismuth Nitrate Salt in the Electrolyte Solution 
The use of bismuth nitrate pentahydrate salt as the source of Bi
3+ was also investigated. 
POM was used to produce phase diagrams for  mixtures of Brij
®C10  with solutions 
containing the bismuth nitrate salt with and without a buffer solution of 0.1 M citric acid 
and 50 mM sodium citrate. From the phase diagrams (Figure   4-5 and Figure   4-6) it can be 
seen that the solution present effects the ratios of brij to solution needed to obtain a 
particular phase.  For example the region for the hexagonal phase (H1) is stable over a 
larger range of Brij
®C10 wt. % at high temperatures when the buffer solution is added to 
the 1 M nitric acid (see Figure   4-6), compared with when no buffer solution in present. 
 
Figure   4-5: A phase diagram for Brij
®C10 and a solution of 7.5 mM bismuth nitrate and 10 mM tellurium 
in 1 M nitric acid. Phase notation: S+L- solid and liquid, L1- micelle solution, H1- hexagonal phase, Lα- 
lamellar phase and V2- inverse cubic phase, ? – Undetermined Phase. Photos and a summary of the data 
can be found in Appendix D.1, phase data collected by Dan O’Reilly (project student). 
The phase diagram for Brij
®C10 and an electrolyte solution containing 7.5 mM bismuth 
nitrate and 10mM tellurium in 1 M nitric acid is shown in Figure   4-5, the solution is 
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  77 similar to the ‘standard electrolyte’ solution discussed in chapter 3, but with the use of 
bismuth nitrate instead of bismuth metal (powder). Comparison of the phase diagram 
shown here when using bismuth nitrate to the one shown in chapter 3 Figure 3-3 for the 
‘standard electrolyte’ shows that the phase diagrams are similar, this is not surprising as 
the ions present in solution will be the same, the only difference being that the quantity of 
nitrate ions has increased slightly. However, differences between the two phase diagrams 
are observed at higher temperatures, with the range of Brij
®C10 wt. % where the 
hexagonal phase is observed being reduced and no cubic phase being seen, while these 
differences could be due to the use of bismuth nitrate instead of bismuth metal they could 
also be due to experimental error. 
 
Figure   4-6: A phase diagram for Brij
®C10 and a solution of 7.5 mM bismuth nitrate and 10 mM tellurium 
in 1 M nitric acid with a buffer solution of 0.1 M citric acid and 50 mM sodium citrate.  Phase notation: 
L1- micelle solution, H1- hexagonal phase, Lα- lamellar phase and V2- inverse cubic phase. Photos and a 
summary of the data can be found in Appendix D.2, phase data collected by Dan O’Reilly (project 
student). 
The phase diagram for Brij
®C10 and electrolyte solution containing 7.5 mM bismuth 
nitrate and 10 mM tellurium in 1 M nitric acid with a buffer solution of 0.1 M citric acid 
and 50 mM sodium citrate is shown in Figure   4-6. Again, as with the 7.5 mM bismuth 
nitrate and 10mM tellurium in 1 M nitric acid electrolyte, the addition of a buffer solution 
acts to stabilise the hexagonal phase with it being present over a larger range of Brij
®C10 
weight percent at low temperatures. However, it also reduces the temperature range over 
25
30
35
40
45
50
55
60
65
70
0 10 20 30 40 50 60 70 80 90
T
e
m
p
e
r
a
t
u
r
e
/
°
C
 
wt% Brij®C10 
L1 
H1 
Lα 
V2 
  78 which the hexagonal phase is found with the maximum temperature reducing from 77°C 
to 67°C,  however this effect has no impact on this study as we are doing the 
electrodeposition experiments at room temperature. When a buffer solution is present the 
use of bismuth nitrate instead of bismuth citrate is shown to give more stable phases with 
the overall phase diagram having no undetermined areas and also the solid liquid areas 
not being observed, at low percentages of brij the solid liquid area is replaced with the 
micelle phase and at high percentages of brij it becomes either a lamellar or inverse cubic 
phase. 
4.3  Conclusion 
Results from this study show that changes to the electrolyte formulation can have effects 
on the stable phases observed in the phase diagrams, for example using the electrolyte 
solution 7.5 mM bismuth citrate and 10 mM tellurium dioxide in 1 M nitric acid appears 
to give a larger area where the cubic phase is observed compared to when using the 
solution 7.5 mM bismuth and 10 mM tellurium in nitric acid. The use of solutions 
containing citrate ions such as bismuth citrate and citric acid is limited; firstly it was 
found that citric acid does not dissolve bismuth metal or either of the salts bismuth nitrate 
or bismuth citrate. However it was found that the addition of sodium citrate allowed the 
bismuth citrate to dissolve in citric acid, but the pH of the solution produced was too high 
(3.99), the pH being critical in the deposition of the desired Bi2Te3 phase due to the 
HTeO2
+ ion which is needed for the formation of Bi2Te3 only being stable over a small 
pH range around 0 as indicated by the Pourbaix diagram (chapter 1 Figure 1-2). The 
absence of an appropriate quantity of HTeO2
+  ions is confirmed by the CV. Films 
deposited using a mixture containing a solution of 7.5 mM bismuth citrate and 10 mM 
tellurium dioxide in 0.5 M citric acid and 0.5 M sodium citrate (Solution B) mixed with 
the Brij
®C10 surfactant in a Brij
®C10:electrolyte solution ratio of 55:45 gave films with 
thicknesses ranging from 2.2 ± 0.7 to 76.2 ± 23.4 nm Use of small quantities of citrate 
was possible by either using bismuth citrate as the source of bismuth and by using a citric 
acid/sodium citrate buffer solution, this proved beneficial as it allowed better stabilisation 
of the phases as indicated by the phase diagrams. For example the use of bismuth citrate 
and tellurium oxide in nitric acid gave an increased area where the cubic phase is stable, 
although not required in this study this may be of benefit when making materials 
requiring the cubic phase. The addition of a buffer solution has been shown to produce 
more stable phases with less area where the phase is undetermined in the phase diagram; 
  79 this will improve the process for producing deposited films. Cyclic voltammetry shows 
that the buffer solution does not affect the position of the deposition peak, however a 
thinner film (63.9 ± 19.7 nm) was obtained when depositing from a mixture containing 
the buffer solution compared to when using the standard electrolyte (105.2 ± 32.4 nm) 
seeming to show that the addition of the citric acid and sodium citrate buffer solution 
hinders the deposition process. Although wide angle XRD indicates the deposited films to 
have the Bi2Te3 structure these solutions have not made films which are reproducibly 
thick enough for further analysis.  
The use of bismuth nitrate pentahydrate salt as the source of Bi
3+ was investigated, this 
salt is more soluble than both bismuth metal and bismuth citrate, so could allow for 
solutions with higher concentrations of bismuth to be produced. Phase diagrams for 
Brij
®C10 with solutions containing bismuth nitrate and tellurium in nitric acid 
demonstrate that the hexagonal phase is present over a large area between ~25 and 75 wt.% 
Brij
®C10 at room temperature. The addition of a buffer solution containing 0.1 M citric 
acid  and 50 mM sodium citrate acts to stabilise the hexagonal phase at higher 
temperatures, as seen by the larger area where the hexagonal phase is observed. 
Therefore, the next step is to look into the effect of the electrolyte ratio concentration with 
the aim of further improving film thickness and uniformity, the solutions selected for this 
study are those containing bismuth nitrate and tellurium powder, this is due to this 
electrolyte solution having a large and stable hexagonal region, the hexagonal phase 
being the one which is required for this investigation. 
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  82 5  Studying Improvement through Changes to the Ratio of 
Metal Salts in the Electrolyte Solution Concentration. 
5.1  Aim 
The aim of this chapter is to look at the effects of changing the quantity of the metal salt, 
bismuth nitrate pentahydrate between the concentrations of 13 and 60 mM and tellurium 
metal between the concentrations of 10 to 25 mM in the electrolyte solution to try to 
improve the quality and thickness deposited films of Bi2Te3 as started in chapter 4; the 
electrolyte being studied contains bismuth nitrate and tellurium powder in 1 M nitric acid, 
the aim of this section is to find the ideal ratio and concentration of bismuth nitrate and 
tellurium powder related to each other. 
5.2  Effect of Solution Concentration 
5.2.1  Changing Quantity of Bismuth Nitrate in Solution 
As a continued approach with the aim of  making  thicker films  an investigation into 
changing the concentrations of the metal ions Bi
+ and HTeO2
+ in solution was carried out. 
Firstly the concentration of bismuth  was increased while maintaining a tellurium 
concentration of 10 mM (chapter 2, Table 2-1); this will change the ratio of bismuth to 
tellurium in the electrolyte solutions. It was found that above 15 mM Bismuth metal 
didn’t  dissolve so the more soluble bismuth nitrate  was investigated, this allowed 
solutions containing Bi
3+ in concentrations of 45 and 60 mM to be made. CV for solutions 
containing Bi
3+ concentrations of 15, 45 and 60 mM along with 10 mM tellurium are 
shown in Figure   5-1.  
  83  
Figure    5-1: The CVs, showing  potential (E)/V  vs.  (SCE)  versus  current (i)/mA for three electrolyte 
solutions with differing bismuth nitrate concentrations of 15 mM, 45 mM and 60 mM and a tellurium 
concentration of 10 mM in 1 M nitric acid (as indicated in the key). The CV were carried out between the 
limits of (−0.6) and (+0.75) V starting at (+0.4) V vs. (SCE) and sweeping in the negative direction first at 
a rate of 0.01 V s
−1, and at room temperature; the first cycle is shown. Similar results to Li, et al. when 
they looked at individual metals in 1 M HNO3 solutions 
[1]. 
Figure    5-1  shows that an increased concentration of Bi
3+  in the solutions causes the 
voltammograms to change. However although shifted to slightly more negative potentials 
the Bi2Te3 deposition peak is still observed at about (−0.1) V vs. (SCE) as seen in CV 
produced by Martín-González et al.
[2] is still observed, this  shows that could be possible 
to produce films of Bi2Te3 from these solutions. It can also be seen in Figure   5-1 that the 
solution with the least bismuth (15 mM) has the CV most similar to that of the original 
solution (see chapter 3 figure 3-1) showing that it would be more likely to produce a 
tellurium rich deposit rather than a bismuth rich deposition which is required for an n-
type material. This is because the ratio of bismuth to tellurium is closer to that in the 
original solution. As the quantity of bismuth present increases it can be seen that the peak 
at (+0.2) V vs. (SCE) which is associated with the oxidation of Bi
3+ increases in intensity 
relative to the peak at (+0.45) V vs. (SCE) which is associated with the oxidation and 
stripping of Bi2Te3. When the concentration of bismuth is 15 mM a shoulder peak at 
(+0.48) V vs. (SCE) is also observed this is assigned to the oxidation of bismuth from the 
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  84 Bi2Te3 film following the oxidation of the tellurium at (+0.45) V vs. (SCE) and is a 
feature of bismuth rich films, as shown by Martín-González et al. 
[2]  A peak with a 
shoulder is not seen at around (+0.45) V vs. (SCE) in the CVs of the solutions containing 
higher concentrations of bismuth nitrate (45 and 60 mM), instead a shift in the position of 
the peak is observed. As the CVs indicate that Bi2Te3 films could be deposited from these 
solutions electrodepositions were attempted, however using the high concentrations of 60 
mM and 45 mM of bismuth nitrate, the deposits were visually seen to have grown finger 
like fibres into the mixture, however both the deposition and the gold were subsequently 
removed from the substrate during the washing stage leaving no evidence of a deposition, 
this meant that depositions using such high concentrations were not possible. Another 
reason for not using the high concentrations is seen in the CV in Figure   5-1, for the 60 
mM bismuth solution a second deposition between (−0.4 to −0.6) V vs (SCE) is observed 
this is assigned to the reduction of HTeO2
+ by a two-step reaction involving the formation 
of H2Te as an intermediate and then the deposition of Bi2Te3 according to reactions 5.1 
and 5.2, as discussed by Martín-González et al.
[2]  
HTeO2
+ + 5H
+ + 6e
− → H2Te(aq) + 2H2O          Reaction   5-1 
3H2Te + 2Bi
3+ → Bi2Te3 + 6H
+            Reaction   5-2 
Also the high concentration of bismuth means that the ratio of bismuth to tellurium in the 
electrolyte solution will be highly bismuth rich so not expected to give the correct Bi2Te3 
composition in a deposited film. Therefore the concentrations of the solutions were scaled 
back to bismuth nitrate concentrations around 15mM, with the ratios of Bi:Te then being 
altered to match that of the ‘standard electrolyte’ used in chapter 3 which should give the 
correct ratio of bismuth to tellurium in the film formed (7.5:10 mM) (chapter 2, Table 2-
1). Two sets of solutions were investigated these having concentrations of 13:17 and 
18:25 mM, where 25 mM was found to be the maximum amount of Te able to dissolve in 
nitric acid by Sapp et al.
[3]. 
The POM is used to obtain the structure of the liquid crystal template, the desired phase is 
the hexagonal phase, the formation the phase diagrams is explained in detail (chapter 1 
section 1.4.3.2), and in brief it is a plot of phase boundaries at difference concentrations 
against temperature.  
A phase diagram for Brij
®C10 with an electrolyte solution of 15 mM bismuth nitrate and 
10 mM tellurium in 1 M nitric acid is shown in Figure   5-2. The phase diagram is similar 
  85 to that for the phase diagram for the lower concentration of bismuth nitrate (7.5 mM 
bismuth nitrate and 10 mM tellurium in 1 M nitric acid shown in chapter 4, figure 4-5) 
showing an hexagonal phase at room temperature for Brij
®C10 concentrations between 
~20 and 70 wt. %, this indicates that changing the ratio of bismuth to tellurium present 
has not affected the phases formed by the Brij
®C10 template. The solid/liquid phase and 
the inverse cubic are in the same places, however the hexagonal region is stable over a 
larger range of Brij
®C10 wt. % at higher temperatures and not stable above 70°C when 
more bismuth is present. This shows that the hexagonal phase is more stable over a wider 
range of temperatures in the 7.5 mM bismuth nitrate and 10 mM tellurium electrolyte 
solution. The phase determination was easier for the solution containing more bismuth so 
there are no regions with undetermined phases. POM was not carried out on 45:10 and 
60:10 bismuth nitrate and tellurium solutions. 
 
Figure   5-2: A phase diagram for Brij
®C10 and electrolyte solution containing 15 mM bismuth nitrate and 
10 mM tellurium in  1 M nitric acid. Phase notation: S+L- solid and liquid, L1- micelle solution, H1- 
hexagonal phase, Lα- lamellar phase and V2- inverse cubic phase. Photos and a data summary can be 
found in Appendix E.1, phase data collected by Dan O’Reilly (project student). 
5.2.2  Changing the Ratio of Bismuth Nitrate and Tellurium in Solution 
Phases  diagrams obtained from  POM experiments for mixtures  containing  electrolyte 
solutions with concentrations of 13 mM bismuth nitrate and 17 mM tellurium or 18.75 
mM bismuth nitrate and 25 mM tellurium in 1 M nitric acid, are shown in Figure   5-3 and 
Figure   5-4 respectively. Both phase diagrams show that the hexagonal phase is present at 
room temperature for Brij
®C10  concentrations between 25 to  80  %  and  20  to  70 % 
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  86 respectively, this is important as it shows a large region where the hexagonal phase is 
formed therefore indicating that formation of a hexagonal phase nanostructure should be 
possible using the mixture concentrations being studied. 
 
Figure   5-3: A phase diagram for Brij
®C10 and electrolyte solution containing 13 mM bismuth nitrate and 
17 mM tellurium in 1 M nitric acid. Phase notation: S+L- solid and liquid, L1- micelle solution, H1- 
hexagonal phase, Lα- lamellar phase and V2- inverse cubic phase. Photos and a data summary can be 
found in Appendix E.2, phase data collected by Dan O’Reilly (project student). 
The phase diagram produced using Brij
®C10 and the electrolyte 13 mM bismuth nitrate 
and 17 mM tellurium in 1 M nitric acid has a region where the hexagonal phase is present 
between ~25 to 80 wt.% Brij
®C10 at room temperature, as the temperature increases the 
range of Brij
®C10 concentrations where the hexagonal phase is observed narrows to ~40 
to 60 wt.% at 65°C, this is similar to the area for the hexagonal phase in the phase 
diagram for the ‘standard solution’ of 7.5 mM bismuth and 10 mM tellurium in 1 M nitric 
acid the phase diagram for which is shown in chapter 3, figure 3-3, however the top 
temperature where the hexagonal phase is stable is lower. In Figure   5-3 there is a large 
area of solid/liquid layer at the low Brij
®C10 concentrations and the micelle phase is less 
stable at low temperatures, but shows availability large region where it is stable at high 
temperatures. There is also a smaller region where the lamellar phase is stable and a 
larger area where the inverse cubic phase is present, this region could be even bigger as 
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  87 there is an undefined region at high Brij
®C10 concentrations which could be more inverse 
cubic or another phase. 
 
Figure   5-4: A phase diagram for Brij
®C10 and electrolyte solution containing 18 mM bismuth nitrate and 
25 mM tellurium in 1 M nitric acid. Phase notation: S+L- solid and liquid, L1- micelle solution, H1- 
hexagonal phase, Lα- lamellar phase and V2- inverse cubic phase. Photos and a data summary can be 
found in Appendix E.3, phase data collected by Dan O’Reilly (project student). 
Figure   5-4 shows a phase diagram for Brij
®C10 and an electrolyte solution of 18.75 mM 
bismuth nitrate and 25 mM tellurium in 1 M nitric acid. The hexagonal phase is stable up 
to approximately 75°C for a range of Brij
®C10 wt. % between 30 - 60 %, in a similar way 
to in the phase diagrams shown in Figure   5-2 and Figure   5-3, but with a slightly larger 
Brij
®C10 range at higher temperatures. This could show that higher concentrations of 
bismuth nitrate and tellurium can stabilise the hexagonal phase at high temperatures, by 
means of hydrogen bonding between the nitrate groups from both the nitric acid and the 
bismuth nitrate and the polar "head" groups on the Brij
®C10  molecules.  The phase 
diagrams containing bismuth nitrate do not show the cubic phase, this could be due to the 
nitrate ions from the salt somehow hindering the formation of this phase, however it 
could be due to the 10 % steps in surfactant concentration which were used being too 
large and therefore no giving enough detail, to get more detail the experiment would need 
to be repeated with smaller steps. 
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  88 5.2.3   Electrochemical Analysis 
The effect of  increasing  the concentrations  of  bismuth nitrate and tellurium  in the 
electrolyte solution but keeping the ratio of the two constant (13 mM bismuth nitrate and 
17 mM tellurium or 18.75 mM bismuth nitrate and 25 mM tellurium in 1 M nitric acid) is 
shown in Figure   5-5. A CV similar to that for the standard solution is produced in both 
cases, with the main peaks being the deposition peak at approximately (−0.1) V vs (SCE) 
and the oxidation of Bi2Te3 at (+0.45) V vs (SCE) with a smaller peak at about (+0.3) V 
vs (SCE) showing that some oxidation to form Bi
3+  still occurs, this  shows  that  as 
expected the ratio of Bi
3+ to HTeO2
+ in these solutions is similar to those obtained from 
the ‘standard solution’ and therefore the deposited films shouldn't be bismuth rich but 
should produce Bi2Te3 with approximately a ratio of Bi:Te of 2:3. The position of the 
deposition peak has not changed significantly compared with the ‘standard solution’ 
indicating that similar deposition potentials can be used for these solutions. The size of 
the peaks for both the reduction and oxidation are much bigger for the lower 
concentrations showing greater current passing thought the electrolyte, meaning that this 
would be a more beneficial concentration to pursue. 
 
Figure   5-5: CVs, showing potential (E)/ V vs (SCE) versus current (i)/mA for two mixtures with differing 
bismuth nitrate and tellurium concentrations of 13 mM bismuth nitrate and 17 mM tellurium or 18.75 
mM bismuth nitrate and 25 mM tellurium in 1 M nitric acid, as indicated in the key, but with a ratio 
between the two which is similar to the ratio in the ‘standard solution’ (7.5 mM bismuth and 10 mM 
tellurium). The CVs were carried out between the limits of (−0.6) and (+0.75) V starting at (+0.4) V vs. 
(SCE) and sweeping in the negative direction first, at a rate of 0.01 V s
−1, and at room temperature, the 
second cycle is shown for both.  
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  89 5.2.4  Effect of Changing Metal and Metal Salt Concentrations  on the X-ray 
Diffraction Pattern 
5.2.4.1  Low Angle X-ray Diffraction  
The low angle X-ray diffraction patterns were taken on the small angle X-ray scattering 
(SAXS) instrument at the University of Reading for films deposited from mixtures of 
Brij
®C10 with a solution containing either 15 mM bismuth nitrate and 10 mM tellurium, 
13 mM bismuth nitrate and 17 mM tellurium or 18.75 mM bismuth nitrate and 25 mM 
tellurium in nitric acid with a Brij®C10: electrolyte solution ratio of 55:45. The 
diffraction patterns  do not show any sign of mesoporous nanostructures such as the 
hexagonal phase which was expected to be produced according to the phase diagrams 
(Figure   5-2, Figure   5-3 and Figure   5-4) for the ratio of Brij
®C10 to electrolyte solution 
that was used, where the deposited film is expected to be a direct cast of the structure of 
the LLCT phase, as no peaks due to the nanostructuring are seen in most of the patterns. 
The peak that is shown is known as the elastic peak, which is an artefact of the X-rays 
intensity. (Figure   5-6). This is could be due to the background noise covering the signal 
which is weak, however the plot shown in red for Brij
®C10 with electrolyte solution 
containing 15 mM bismuth nitrate and 10 mM tellurium in 1 M nitric acid in a 55:45 ratio 
could show small peaks hidden by the background which indicate some nanostructuring, 
however normally the first peak for the hexagonal phase is observed at around 0.014 1/d 
Å and most of the noise is at lower values than this.  
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Figure   5-6: SAXS patterns for films deposited from for three electrolyte solutions containing different 
concentrations of bismuth nitrate and tellurium (15, 13 or 18.75 mM bismuth nitrate and 10, 17 or 25 
mM tellurium, respectively) as indicated by the key, mixed with Brij
®C10 in the ratio on 55:45 Brij
®C10 to 
electrolyte solution. These films were deposited at (−0.1) V vs. (SCE) for 10 hours, at room temperature. 
SAXS data collected at the University of Reading on a Bruker Nanostar.  
There is very little difference in the patterns, all the diffraction patterns shown in 
Figure    5-6  show a large intensity for the elastic peak with no peaks to indicate 
nanostructuring being seen, this may be because there is no nanostructuring or because 
the films are too thin so the peaks are low intensity and are hidden in the background. The 
presence of a peak to indicate some form of nanostructuring is seen in Figure   5-7, this 
shows another SAXS pattern for one of the deposited films in Figure   5-6 (Brij
®C10 with 
electrolyte solution of 15 mM bismuth nitrate and 10 mM tellurium in 1 M nitric acid 
(55:45), shown by the red CV in Figure   5-6), this CV was taken at diamond on beam line 
I22 for non-crystalline diffraction and shows that the signal for the first peak is weak in 
comparison to the elastic peak from the beam intensity.  
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Figure    5-7: SAXS pattern for a film  deposited  from a mixture of Brij
®C10  and electrolyte solution 
containing 15 mM bismuth nitrate and 10 mM tellurium in 1 M nitric acid (55:45); SAXS pattern taken at 
Diamond on beam line I22 for non-crystalline diffraction.  Inset is a magnification of the intensity 
showing a peak at 0.016 1/d (Å). 
The quality of data in the spectrum taken at diamond is a lot better than that taken at 
Reading, due to the high intensity X-rays generated by the synchrotron source, making it 
possible to magnify the diffraction pattern (inset Figure   5-7) and see a small peak at 0.016 
1/d (Å) which shows evidence of some nanostructuring in the film. However due to this 
peak being small in comparison to the background it makes it impossible to find any other 
peaks to confirm the phase of the film, the peak is also broad indicating that the ordering 
of the nanostructuring is limited, this compares with many literature examples that have 
only been able to find one peak along with the elastic peak at (~0.002) 1/d (Å)
[4-6], if it is 
assumed that the peak is the (100) peak for a hexagonal structure then the structure would 
have a pore to pore repeat distance of D(100) = 5.68 nm.  
5.2.4.2  Wide Angle X-ray Diffraction  
The wide angle XRD patterns for the Brij
®C10:electrolyte solution mixtures discussed in 
this chapter, where the solutions contain bismuth nitrate to tellurium ratios of (15:10), 
(13:17) and (18.75:25) mM are shown in Figure   5-8. From assignment of the patterns it 
can been seen that there is some Bi2Te3 present as shown by the blue lines in the figure 
which indicate the (104), (015), (018) and (1010) reflections for the rhombohedral crystal 
structure of Bi2Te3, however these are small and broad peaks and other peaks to indicate 
the presence of at least one other material are present. Possible assignments for these 
extra peaks are bismuth nitrate,  bismuth metal  or tellurium metal. The presence of 
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  92 bismuth metal is shown by a strong peak at 22 (2θ) this is assigned as the (003) reflection 
for bismuth metal, this peak is largest in the film deposited from the mixture containing 
bismuth nitrate and tellurium concentrations of 15:10 mM, this could be due to this ratio 
being bismuth rich so there being more bismuth available in the solution. The assignment 
of this peak is not certain as other peaks due to bismuth metal would be expected to be 
seen at 27.1, 37.9 and 39.6 (2θ), but these may be masked by other peaks in the 
diffraction pattern. A peak at 47.0 (2θ) has been assigned to tellurium metal, although 
again the other peak might be expected to be seen for tellurium at 27.6, 38.3 and 40.4 (2θ). 
Peaks at 29.5 and 34.0 (2θ) are assigned to the (151) and (002) reflections of bismuth 
nitrate. Possible reasons for the presence of these materials are a lack of mixing in the 
solution or difficulty depositing at the electrode due to the high ratio of Brij
®C10 as all 
solutions contain Brij
®C10: electrolyte solution in the ratio (55:45), and the two big peaks 
at 38 and 44 (2θ) are depicting the gold (111) and (200) reflections respectively, these are 
from the substrate. 
 
Figure   5-8: X-ray diffraction patterns for mixtures of Brij
®C10 with electrolyte solution in a ratio of 55:45, 
where the electrolyte solution contains different concentrations and ratios of bismuth nitrate to 
tellurium, in 1 M nitric acid as indicated in the key. There are a number of assignments made indicated 
by the labels on the peaks, where the pdf cards used for the assignments are: Bismuth metal (Bi) (00-
044-1246), bismuth nitrate (Bi(NO3)3) (00-044-0314), bismuth telluride (Bi2Te3) (00-015-0863) and gold 
(Au) (00-004-0784).  
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  93 5.2.5  Effect of Changing Metal and Metal Salt Concentrations on the Morphology 
SEM images of as deposited bismuth telluride films using LLCT mixtures made from 
Brij
®C10 deposited at (−0.1) V vs. (SCE) are shown in Table 5-3, this potential was 
selected because the CV show this to be the potential for the deposition of Bi2Te3. SEM 
images of films deposited using  Brij
®C10 with solutions containing either, 13 mM 
bismuth nitrate and 17 mM tellurium, 15 mM bismuth nitrate and 10 mM tellurium or 
18.75 mM bismuth nitrate and 25 mM tellurium in nitric acid in a Brij
®C10 to electrolyte 
solution ratio of 55:45, with two different magnifications are shown. The higher 
magnification images shown in the first column (magnifications of ×6-11 K), show that 
higher concentrations of bismuth and tellurium in the electrolyte solutions give bigger 
spheres and therefore have less nucleation sites over a similar area, this will be due to a 
higher quantity of material being available for reaction and so the reaction occurring more 
quickly. The images in the right column which are at a lower magnification (scale bar of 
20 μm for B2 and 10 μm for C2), show that for the same ratio of bismuth nitrate to 
tellurium there is a far better surface coverage from a mixture with a lower solution 
concentration (13 mM bismuth nitrate and 17 mM tellurium in 1 M nitric acid, shown in 
B2) with less of the substrate being visible,  compared to the deposited film using a 
electrolyte with a higher concentration (18.75 mM bismuth nitrate and 25 mM tellurium 
in 1 M nitric acid) this could be because a film formed from a lower concentration 
mixture is formed more slowly and has more nucleation sites. 
   
  94 Table   5-1: SEM images of three films deposited on gold (Au) DVD, at (−0.1) V vs. (SCE) from mixtures 
containing  Brij
®C10  and  electrolyte  solutions in a ratio of (55:45), the electrolyte solutions have 
compositions of (A) 13 mM bismuth nitrate and 17 mM tellurium, (B) 15 mM bismuth nitrate and 10 
mM tellurium and (C) 18.75 mM bismuth nitrate and 25 mM tellurium all in 1M nitric acid. 
   
A1: 15mM Bi(NO3)3+10mM Te  (−0.1) V vs. 
(SCE) 
scale bar (2 µm), mag=6.25K, EHT=15 kV 
A2: 15mM Bi(NO3)3+10mM Te  (−0.1) V vs. 
(SCE) 
scale bar (20 µm), mag=1.91K, EHT=15 kV 
   
B1:  13mM Bi(NO3)3+17mM Te (−0.1) V vs. 
(SCE) 
scale bar (2 µm), mag=7.07K, EHT=15 kV 
B2: 13mM Bi(NO3)3+17mM Te (−0.1) V vs. (SCE) 
scale bar (20 µm), mag=1.12K, EHT=15 kV 
   
C1:  18.75mM Bi(NO3)3+25mM Te  (−0.1)  V vs. 
(SCE) scale bar (2 µm), mag=11.45K , EHT=15 kV 
C2: 18.75mM Bi(NO3)3+25mM Te (−0.1)  V vs. 
(SCE) scale bar (10 µm), mag=2.99 K, EHT=15 kV 
  95 5.2.6  Effect of Changing Metal and Metal Salt Concentrations on the Composition 
EDX measurements were used to determine the composition of the deposited films the 
results are shown in Table   5-2 which shows the ratio of bismuth to telluride in the films 
related to the composition of the solution and the thickness of the film.  
Comparison of film A to films B and C shows the effect that the composition of the 
solution has on the composition of the deposited films, it can be seen that film (A) which 
was deposited from a solution with a higher ratio of Bi to Te gives a bismuth rich deposit 
with very little tellurium present. 
The effect of increasing the concentration of bismuth nitrate and tellurium in the solutions, 
but keeping them in the same ratio can be looked at by comparing films (B) and (C). It 
can be seen that the higher concentration of bismuth nitrate and tellurium, used for film 
(C) shows closer matches to the desired film composition of Bi2Te3. As 25 mM of 
tellurium is the maximum amount of tellurium able to be dissolved by nitric acid
[3] this 
would suggest that the quantity of tellurium within the solution is the limiting factor for 
obtaining the desired composition. 
Table   5-2: Average compositions obtain from EDX analysis of about three sites on each deposited film, 
at an accelerated voltage of 10 kV. Films A, B and C were deposited at −0.1V vs. (SCE) for comparison. 
  Mixture composition  Calculated film 
thickness (nm)  Bi at. %  Te at. %  film 
composition 
A  Brij
®C10:15 mM Bi(NO3)3 and 10 mM 
Te in 1 M HNO3 (55:45)  235.1 ± 72.3  89.04  10.96  Bi4.45Te0.55 
B  Brij
®C10:13 mM Bi(NO3)3  and 17 mM 
Te in 1 M HNO3 (55:45)  335.6 ± 103.2  69.37  30.63  Bi3.47Te1.5
3 
C  Brij
®C10:18.75 mM Bi(NO3)3 and 25 
mM Te in 1 M HNO3 (55:45)  761.7 ± 234.3  54.43  45.57  Bi2.75Te2.28 
 
Table   5-2 also shows that the thicker the films the closer the measured composition from 
the EDX to the required composition of Bi2Te3 (40 % bismuth and 60 % tellurium), this 
could be due to the EDX being less reliable for thin films when working at an accelerated 
voltage below 15 kV 
[7], these measurements had to be carried out at 10 kV due to the M 
and L energy level values of Bi and Te respectively. 
 
  96 5.3  Conclusion 
The effects of changing the quantity of bismuth nitrate pentahydrate and tellurium powder 
in the electrolyte solution has been studied in this chapter with the aim of improving the 
quality and thickness of the deposited films of Bi2Te3. It was found that bismuth metal 
only dissolves to give concentrations up to 15 mM so the more soluble bismuth nitrate 
was used allowing for concentrations of bismuth in solution up to 60 mM to be accessed, 
however these high concentrations were not practical as during depositions finger like 
fibres grew into the mixture and both the deposition and the gold was removed from the 
substrate during the washing stage. Increasing the concentration of tellurium in solution 
was also limited, the maximum concentration accessible being 25 mM.
[3]  Therefore 
solutions with concentrations up to 18.75 mM bismuth nitrate and 25 mM tellurium were 
studied.  
The effect of increasing the ratio of bismuth relative to tellurium in the electrolyte 
solution was also investigated by using a solution containing 15 mM bismuth nitrate and 
10 mM tellurium in 1 M nitric acid, although this stills allows for the formation of the 
hexagonal phase as indicated by the phase diagram, with some form of nanostructuring 
confirmed by the presence of a peak in the SAXS, deposited films were bismuth rich 
EDX measurements giving a composition of Bi4.45Te0.55 so showing that  the formation 
of the desired Bi2Te3  is not successful. Solutions containing a ratio of bismuth to 
tellurium of 3:4 allowed for production of the desired product as indicated by CV; 
however production of films from these solutions when using the Brij
®C10 template was 
problematic. Although the films are still thin the thicknesses estimated from the charge 
during the deposition to be less than 1000 nm, they have shown that for the bismuth and 
tellurium in right ratio an increase in the concentrations does increase the thickness of the 
film, this being based on the mixture of Brij
®C10 and a solution containing 18.75 mM 
bismuth nitrate and 25 mM tellurium in 1 M nitric acid (55:45) having a thickness of 
761.7 ± 234.3 nm, compared to an equivalent film deposited from a solution with the 
lower concentration of 13 mM bismuth nitrate and 17 mM tellurium which has a 
thickness of 335.6 ± 103.2 nm. Also as the film thickness increases the composition of the 
films as measured using EDX becomes closer to the desired composition of Bi2Te3 and 
ultimately closer to a n-type material although still remaining bismuth rich which gives a 
material with p-type properties, the thickest film having a composition of Bi2.75Te2.28. 
SEM indicates that the use of higher concentrations of solution while giving thicker films 
  97 also results in bigger spheres and less nucleation sites than those produced from a lower 
concentration of solution which gives a more even coverage. The wide angle XRD 
patterns for the Brij
®C10:electrolyte solution mixtures discussed in this chapter, where 
the solutions containing bismuth nitrate to tellurium ratios of (15:10), (13:17) and 
(18.75:25) mM show that there is some Bi2Te3 present, however the peaks for Bi2Te3 are 
small and broad. Peaks also indicate the presence of at least one other material in the film, 
possible assignments for the extra peaks is bismuth nitrate or bismuth metal, a possible 
reasons for the presence of these materials are a lack of mixing in the solution or 
difficulty depositing at the electrode due to the high ratio of Brij
®C10 as all solutions 
contain  Brij
®C10: electrolyte solution in the ratio (55:45).  Although  the solution 
containing 18.75 mM bismuth nitrate and 25 mM tellurium in 1 M nitric acid has shown 
the better results in terms of the films thickness and composition, progress is going to 
continue using the electrolyte solution of 13 mM bismuth nitrate and 17 mM tellurium in 
1 M nitric acid as this concentration gave a film which had a better electrode surface 
coverage. Using a slightly lower concentration will also allow room for make 
modifications to the solution or increase the concentration a little without being at the 
upper limit of the tellurium concentration found by Sapp et al.
[3] 
5.4  References 
1.  Li, X.; Koukharenko, E.; Nandhakumar, I. S.; Tudor, J.; Beeby, S. P.; White, N. 
M., High Density P-type Bi0.5Sb1.5Te3 Nanowires by Electrochemical Templating 
Through Ion-Track Lithography. Phys. Chem. Chem. Phys. 2009, 11, 3584-90. 
2.  Martín-González, M. S.; Prieto, A. L.; Gronsky, R.; Sands, T.; Stacy, A. M., 
Insights into the Electrodeposition of Bi2Te3. J. Electrochem. Soc. 2002, 149, 
C546-54. 
3.  Sapp, S. A.; Lakshmi, B. B.; Martin, C. R., Template Synthesis of Bismuth 
Telluride Nanowires. Adv. Mater. 1999, 11, 402-4. 
4.  Luo, H. M.; Sun, L.; Lu, Y. F.; Yan, Y. S., Electrodeposition of Mesoporous 
Semimetal and Magnetic Metal Films from Lyotropic Liquid Crystalline Phases. 
Langmuir 2004, 20, 10218-22. 
5.  Chernikov, A.; Horst, S.; Waitz, T.; Tiemann, M.; Chatterjee, S., 
Photoluminescence properties of urdered mesoporous ZnO. J Phys Chem C 2011, 
115, 1375-1379. 
6.  Nelson, P. A.; Elliott, J. M.; Attard, G. S.; Owen, J. R., Mesoporous nickel/nickel 
oxide - a nanoarchitectured electrode. Chem. Mater. 2002, 14, 524-529. 
7.  Mustapha, Z.; Chan, S. W.; Lam, A.; Gerhardt, R., Accuracy of energy dispersive 
x-ray composition analysis of YBCO films on yttrium-containing substrates as 
compared to Rutherford backscattering spectroscopy. J. Mater. Sci. 2000, 35, 443-
448. 
 
  98   99
 
 
 
 
 
Chapter 6 
Studying Improvement 
through Changes to the 
Brij
®C10:Electrolyte Mixture 
Ratio 
 
   
 
 
   
  100 6  Studying Improvement through Changes to the 
Brij
®C10:Electrolyte Mixture Ratio. 
6.1  Aim 
The aim of this chapter is to look at the effects of changing the ratios of the electrolyte 
solution to Brij
®C10 in the mixtures used for the electrodeposition; this is to try to 
improve the thickness and quality of deposited films of Bi2Te3  with a hexagonal 
nanostructure as started in chapter 5. The electrolyte solution of 13 mM bismuth nitrate 
and 17 mM tellurium in 1 M nitric acid will be used for this study, this electrolyte 
solution was selected as in chapter 5 it was shown that higher concentrations of bismuth 
and tellurium produces thicker films with composition closer to Bi2Te3  and the 
concentrations in this solution are increased compared to the ‘standard electrolyte’ 
solution used in chapter 3. However higher concentrations also gave a less uniform 
coverage of the electrode surface as seen by the SEM images chapter 5, table 5-2, so the 
solution studied in chapter 5 with the highest concentration (18.75 mM bismuth nitrate 
and 25 mM tellurium in 1 M nitric acid) as not been selected.  Also the solution with the 
highest concentration contained a tellurium concentration at its upper limit as found by 
Sapp  et al.
[1]  and it was decided to work below this concentration limit of 25 mM 
tellurium.  The effect of changing the ratio of Brij
®C10 to electrolyte solution will be 
studied, with quantities of Brij
®C10 between 45 and 55 wt. % being used, these quantities 
are selected as they are in the region where a hexagonal nanostructure is formed 
according to the phase diagram for Brij
®C10 with the electrolyte solution 13 mM bismuth 
nitrate and 17 mM tellurium in 1 M nitric acid (chapter 5, figure 5-3). The production, 
thickness and quality of the deposited films will be studied. 
6.2  Effect of Mixture Concentration 
In this chapter we will keep the electrolyte solution of 13 mM bismuth nitrate and 17 mM 
tellurium in 1 M nitric acid constant, this solution has been selected after analysis of work 
in the previous chapters, this is because although it was found that 18.75 bismuth nitrate 
and 25 mM tellurium in 1 M nitric acid showed the thickest film and was closest to the 
desired composition of Bi2Te3 with a composition of Bi2.75Te2.28 it did not give a uniform 
surface coverage. Also it was thought best to progress using a lower concentration and 
maybe improve upwards in concentration if needed rather than work at the limitations of 
the higher concentration of 25 mM tellurium as found by Sapp et al.
[1]. The effect of 
  101 varying the Brij
®C10 concentrations within mixtures made from this solution will be 
studied, ratios of 55:45, 50:50 and 45:55 Brij
®C10:electrolyte solution being selected for 
investigation, these all being in the region where the hexagonal phase should be obtained 
according to the phase diagram in chapter 5, figure 5-3. A similar study was carried out in 
less detail in chapter three using the ‘standard solution’ of 7.5 mM bismuth and 10 mM 
tellurium in 1 M nitric acid. 
6.2.1  Analysis of Electrolyte Surfactant Ratio 
The CVs in Figure   6-1 show the effect of using the three different ratios of Brij
®C10 and 
electrolyte solution (55:45, 50:50 and 45:55). A reduction in the amount of Brij
®C10 
from 55% through 50 % down to 45% leads to a greater intensity for the peaks in the 
current, this implies that a larger number of ions are reacting at the electrode surface and 
should therefore produce to a thicker film, it  also causes the deposition potential to shift 
to a less negative potential; this is probably due to the increased quantity of metal salts 
contained in the mixture meaning that more are available to react and the reduced amount 
of Brij
®C10  allowing for easier movement of the ions near to  the electrode surface 
therefore allowing the mass transport limited conditions to be reached more quickly.  
 
Figure   6-1: The CVs, shows potential (E)/ V vs. (SCE) and current (i)/mA for LLCT mixtures containing 
Brij
®C10 and electrolyte solution containing 13 mM bismuth nitrate and 17 mM tellurium in 1 M nitric 
acid in weight ratios of 55:45 (blue), 50:50 (red) and 45:55 (green). The CVs were carried out between 
the limits of (−0.6) and (+0.75) V starting at (+0.4) V vs. (SCE) and sweeping in the negative direction first, 
at a rate of 0.01 V s
−1, and at room temperature, the third cycle is shown in each case. 
Although the potential  of the deposition peak  has changed the oxidation peak has 
remained in the same place, just showing an increased current value with increased liquid 
content as expected, surprisingly thought unlike in chapter 3 figure 3-8 the difference 
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  102 between the ratios of 55:45 (blue)  and 50:50 (red) are less clear this could be down  to 
the setup of the experiment or it could be due to differences in the electrolyte, making the 
bismuth salt more hindered by the concentration of the Brij
®C10 when using these ratios. 
6.2.2  Analysis of the Effect of the Electrolyte Surfactant Ratio on the Structure 
Further analysis was carried out on the mixtures with Brij
®C10 to electrolyte solution 
ratio’s of 50:50 and 45:55, where the electrolyte was 13 mM bismuth nitrate and 17 mM 
tellurium in 1 M nitric acid, SAXS and wide angle XRD was obtained at diamond, station 
I-22, by my supervisor Iris Nandhakumar. 
6.2.2.1  Small Angle X-ray Scattering 
The SAXS data was obtained by heating the mixture from 24°C to 75°C as a rate of 2.5°C 
min
−1, then holding the mixture at 75°C for 60 seconds, before cooling to 24°C as a rate 
of 2.5°C min
−1. This is shown for mixtures containing two different ratios of Brij
®C10 to 
electrolyte (50:50 and 45:55)  in  Figure    6-2  and  Figure    6-3  respectively,  with the 
temperature each spectrum was recorded at indicated on the right. 
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Figure   6-2: SAXS patterns showing the diffraction angle 1/d (Å
−1) against intensity (arbitrary units) for a 
mixture containing Brij
®C10 and electrolyte solution of 13 mM bismuth nitrate and 17 mM tellurium in 1 
M nitric acid in a ratio of 50:50 at different temperatures starting at the bottom the sample was heated 
to 75°C, then cooled to 25 °C. Peaks assignments  are  labelled ‘L’ for lamellar phases and ‘H’ for 
hexagonal phases, where numbering ‘1 or 2’ shows different assignments for the same peak spacing 
ratio at different positions, in conjunction with Table   6-1. Data was collected at Diamond, station I-22, 
by my supervisor Iris Nandhakumar. 
  103 Table   6-1: Table of assigned peaks from the XRD patterns shown in Figure   6-2, indicating the d-space 
ratios for the peaks. Peaks with a ratio to indicate the lamellar phase are shown in green and peaks with 
a ratio to indicate the hexagonal phase are shown in yellow, and different shading shows a different 
orientation of that phase for a given temperature. 
Peak No. 
 left to 
right 
24 °C  39.4 °C  43.6 °C 
1/d  d  ratio  (hkl)  1/d  d  ratio  (hkl)  1/d  d  ratio  (hkl) 
1  0.014  69.35  1  (100)  0.014  69.35  1  (100)   0.014  69.35  1  (100)  
2  0.016  63.88  1  (100)  0.015  65.02  1  (100)  0.015  65.02  1  (100) 
3  0.027  36.97  √3  (110)  0.027  37.74  √3  (110)   0.027  37.16  √3  (110)  
4  0.029  34.85        0.029  34.85  2  (200)   0.030  32.96  2  (200)  
5  0.031  31.95  2  (200)                         
Peak No. 
 left to 
right 
61.1 °C  74.2 °C  41.7 °C 
1/d  d  ratio  (hkl)  1/d  d  ratio  (hkl)  1/d  d  ratio  (hkl) 
1  0.015  67.43  1   (100)  0.015  67.43  1   (100)  0.015  66.80  1   (100) 
2  0.016  63.90      0.016  64.43  1   (100)  0.016  64.43  1   (100) 
3  0.029  34.04  2   (200)  0.029  34.04  2   (200)  0.016  62.23  1   (100) 
4              0.031  32.23  2   (200)  0.027  36.42  √3   (110) 
5                          0.027  36.79  √3   (110) 
6                          0.031  32.37  2   (200) 
Peak No. 
 left to 
right 
27.5 °C  25.4 °C 
        1/d  d  ratio  (hkl)  1/d  d  ratio  (hkl) 
        1  0.015  65.62  1  (100)   0.015  65.62  1  (100)  
        2  0.016  63.33  1  (100)  0.016  63.33  1  (100) 
        3  0.027  36.60  √3  (110)   0.027  36.79  √3  (110)  
        4  0.031  32.09  2  (200)   0.031  32.23  2  (200)  
       
Figure   6-2 shows the SAXS patterns for a mixture containing Brij
®C10 and a solution of 
13 mM bismuth nitrate and 17 mM tellurium in 1 M nitric acid in a ratio of 50:50, 
patterns are shown for various temperatures while the mixture was heated from 24°C to 
near 70°C and then cooled to 25.4
oC, this was done to study the mesoporous phase 
changes with temperature. Within the plot the peaks have been labelled with their (hkl) 
assignments, and have been numbered if an assignment could not be made, for example 
peak 2 seen at 61.1°C, could not be assigned as there is no other peaks which confirm 
which phase it comes from, it could either be due to a lamellar phase as its location 
matches a peak assigned to the lamellar phase at higher temperatures as shown in the 
XRD pattern taken at 74.2°C or it could be assigned to a hexagonal phase compared with 
a peak at this position at lower temperature.  These peaks have been assigned by trial and 
error to find peaks with the correct d-spacing to indicate which mesoporous phases are 
present, with the final assignments also being shown in Table   6-1, the table is colour 
  104 coded to show which numbered peaks match the peak ratios shown in chapter 2, Table 2-
2 and therefore indicate the presence of a particular mesoporous phase. Assignments 
indicate that both the lamellar and hexagonal phases are present at temperatures of 43.6°C 
and below, with no hexagonal phase being observed at the temperature of 74.2°C, in the 
pattern taken at 61.1°C it is not certain if peak 2 is due to a hexagonal or lamellar phase. 
Observation of the size of peaks in the diffraction patterns (Figure    6-2), taken at 
temperatures up to 43.6 °C show that the two largest peaks usually denoted as (100)H and 
(110)H  correspond to the hexagonal phase indicating that this is the dominate phase 
present, the hexagonal phase, this being the expected phase for these temperatures and 
concentrations of Brij
®C10 to electrolyte solution, as indicated by the phase diagram 
(chapter 5, figure 5-3). However indications of the lamellar structure are also seen at these 
low temperatures, this is probably due to inadequate mixing. Also when cooling down at 
the temperature of 41.7
oC evidence for two hexagonal phases are observed by two sets of 
peaks that are close together, this indicates that phases with two different pore to pore 
spacings or orientations are present, as the sample is cooled further one set of peaks 
disappears indicating that a hexagonal phase with a single orientation is formed. At high 
temperatures (61.1 and 74.2°C) the main phase is the lamellar phase, the presence of the 
lamellar phase at high temperatures was indicated in the phase diagram, although the 
phase diagram indicated that the lamellar phase was not formed until 67°C, the SAXS 
patterns collected here give a more accurate temperature for the formation of this phase. 
At 74.2°C it is thought that there could be two forms of lamellar phases present possibly 
with different orientations and different repeat distances, however assignments at this 
temperature are not clear cut as there are multiple structures present. The pore to pore 
repeat distance for the 50:50 mixtures was calculated to have an average distance of D(100) 
= 7.3 ± 0.2 nm for the diffraction pattern in Figure   6-2, this value was calculated using the 
Schlesinger equation, (chapter 2 equation 2-2) using the d(100) spacing for the hexagonal 
phase. 
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Figure   6-3: SAXS patterns showing the diffraction angle 1/d (Å
−1) against intensity (arbitrary units) for a 
mixture containing Brij
®C10 and electrolyte solution of 13 mM bismuth nitrate and 17 mM tellurium in 1 
M nitric acid in a ratio of 45:55 at different temperatures, starting at the bottom the sample was heated 
to 72.1 °C, then cooled to 24.6 °C (top). Peaks assignments are labelled ‘L’ for lamellar phases, ‘H’ for 
hexagonal and ‘C’ for cubic phases, where numbering ‘1 or 2’ show different assignments for the same 
peak spacing ratio at different positions. Data was collected at Diamond, station I-22, by my supervisor 
Iris Nandhakumar, peaks assignments are described in conjunction with Table   6-2. 
Figure   6-3 shows the XRD patterns for Brij
®C10 and a solution of 13 mM bismuth nitrate 
and 17 mM tellurium in 1 M nitric acid in a ratio of 45:55, at temperatures starting from 
24°C and heating up to near 70°C then cooling back down to 24.6°C, this experiments 
was done to see how the mesoporous phases change throughout the sample with 
temperature. Within the plot the peaks have been annotated with there (hkl) assignments, 
these have been assigned by trial and error and are also shown in Table   6-2, this has been 
colour coded to show which peaks match the peak ratios shown in chapter 2 Table 2-2 
and can therefore be assigned to the different mesoporous phases.  Table    6-2  and 
Figure    6-3 show that at the beginning of the experiment (24°C), there is an array of 
phases present with nine peaks present which have been assigned to lamellar (green), 
hexagonal (yellow) and two different of cubic (blue’s) phases with one further unassigned 
peak, peak 6, this large number of phases is unexpected and is  probably  due to 
insufficient mixing when this mixture was produced. 
 
 
  106 Table   6-2: Table of assigned peaks for the XRD patterns shown in Figure   6-3 showing assignments for 
the d-space ratios of the peaks. Where the lamellar phase is shown in green, hexagonal phase is shown 
in yellow and cubic phases are shown in blues, different shading shows a different orientation of that 
phase for a given temperature. 
Peak No. 
24 °C  24.8 °C  41.9 °C 
1/d  d  ratio  (hkl)  1/d  d  ratio  (hkl)  1/d  d  ratio  (hkl) 
1  0.014  69.30  1  (100)  0.014  69.30  1  (100)  0.015  68.63   1  (100) 
2  0.016  62.74  1  (100)  0.016  61.65  1  (100)  0.016  63.29  1  (100) 
3  0.016  60.64  √2  (110)  0.017  57.77  √2  (110)  0.027  37.71  √3  (110) 
4  0.017  57.31  √2  (110)  0.026  38.93  2  (200)  0.028  36.04  2  (200) 
5  0.024  41.58  2  (200)  0.027  36.77  √3  (110)             
6  0.025  40.21   
  0.031  32.21  2  (200)             
7  0.026  38.72  2  (200)                         
8  0.027  36.58  √3  (110)                         
9  0.031  31.93  2  (200)                         
Peak No. 
56.9 °C  69.0 °C  72.1 °C 
1/d  D  ratio  (hkl)  1/d  D  ratio  (hkl)  1/d  d  ratio  (hkl) 
1  0.014  73.48  1  (100)  0.013  77.64  1  (100)  0.013  79.403       
2  0.015  68.03  1  (100)  0.027  37.52  2  (200)             
3  0.016  63.29  1  (100)                         
4  0.026  38.30  √3  (100)                         
5  0.028  35.86  2  (200)                         
6  still peak 5  √3  (110)                        
Peak No. 
35.4 °C  24.6 °C 
        1/d  d  ratio  (hkl)  1/d  d  ratio  (hkl) 
        1  0.017  59.67  1  (100)  0.017  60.13  1  (100) 
        2  0.028  36.04  √3  (110)  0.027  36.58  √3  (110) 
       
As the sample is heated loss of the cubic phase is observed leaving just lamellar and 
hexagonal phases at 41.9°C, with further heating to 56.9°C the hexagonal becomes less 
stable and there are two different sets of peaks observed to indicate hexagonal phases, 
these two phases having different pore spacing and possibly different orientations, more 
heating leads to the loss of the hexagonal phase and shows only the lamellar phase. On 
cooling below 35°C only one hexagonal phase is observed, this shows the importance of 
heating in producing a homogenous mixture. The pore to pore repeat distance for the 
45:55 mixtures was calculated to have an average spacing of 7.2 ±  0.5 nm for the 
diffraction patterns in Figure   6-3, this value was calculated using the Schlesinger equation 
(chapter 2 equation 2-2) using the d(100) spacing for the hexagonal phase. 
  107 6.2.2.2  Wide Angle X-ray Scattering  
The WAXS of the mixtures with ratios of 50:50 and 45:55 Brij
®C10  to electrolyte 
solution, where the solution contains 13 mM nitrate and 17 mM tellurium in 1 M nitric 
acid, are shown to have the correct structure to indicate the formation of Bi2Te3 by 
comparison of the peak positions with the PDF card (00-015-0863) for this compound as 
shown in Figure   6-4. Peaks are observed for the (101), (510), (810), (1001), (011), (311) 
and (502) reflections, this data allowing for a greater number of peaks to be observed due 
to the greater quality of data collected at Diamond beamline. 
 
Figure   6-4: Wide angle XRD patterns for mixtures containing Brij
®C10 and electrolyte solution of 13 mM 
bismuth nitrate and 17 mM tellurium in 1 M nitric acid in ratios of 50:50 (blue) and 45:55 (red), data 
collected at Diamond, station I-22 using a λ of 1 Å, by my supervisor Iris Nandhakumar.  
Particle sizes were calculated using the Scherrer equation for each of the peaks labelled in 
Figure    6-4  for both mixtures. The  average  crystallite sizes  are 0.74 nm for the film 
deposited using a Brij
®C10:electrolyte ratio of 55:45 and 0.80 nm for the film deposited 
using a Brij
®C10:electrolyte ratio of 45:55 (Table   6-3), these are much smaller than those 
seen when depositing in the absence of a surfactant (38.5 nm (calculated for the (110) 
peak)) 
[2] this provides evidence that the films are nanostructured, the differences between 
the mixtures are very small, showing that with a lower Brij
®C10 to electrolyte solution 
you still get similar nanostructuring, the smaller crystallite sizes should lead to reduced 
thermal conductivity.
[3] 
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  108 Table    6-3: A table showing the full width at half maximum, position of the peak and calculated 
crystallite sizes for various mixtures of Brij
®C10 and electrolyte. 
   FWHM  2θ  D/nm 
 
 
 
Brij
®C10 : 13 mM Bi(NO3)3 + 17 mM Te in 1 M HNO3 (55:45) 
 
 
 
6.808  22.92  0.135 
3.7198  27.23  0.249 
4.0748  34.33  0.231 
5.355  35.26  0.176 
0.815  41.43  1.181 
0.313  42.82  3.089 
11.611  50.28  0.086 
 
 
 
Brij
®C10 : 13 mM Bi(NO3)3 + 17 mM Te in 1 M HNO3 (45:55) 
 
 
 
6.820  22.92  0.135 
3.720  27.23  0.249 
4.074  34.33  0.231 
5.471  35.26  0.173 
0.698  41.43  1.379 
0.288  42.82  3.357 
14.416  50.51  0.069 
6.2.3  Analysis of the Effect of the Electrolyte Surfactant Ratio on the Morphology 
SEM images of deposited bismuth telluride films using Brij®C10 LLCT mixtures 
deposited using different ratios of Brij®C10 to electrolyte solution, are shown in 
Table   6-4 with two different magnifications being shown. Where film (A) is deposited 
from a mixture with 55:45 Brij®C10: electrolyte solution ratio at (−0.1) V vs. (SCE) and 
film (B) deposited at (−0.05) V vs. (SCE). These potentials were selected from the CVs 
for these mixtures shown in Figure   6-1, which shows the deposition peak for the mixture 
with a Brij®C10: electrolyte ratio of 45:55 to have moved to a less negative potential 
relative to the deposition peak for a 55:45 mixture. The higher magnification images 
shown in the first column (magnifications of ×6-7 K), show that a  higher ratio of 
electrolyte solution to Brij®C10 (B1) give bigger spheres and less nucleation sites over a 
similar area, this will be due to a higher quantity of material being available for reaction 
and so the reaction occurring more quickly. The images in the second column which are 
at a lower magnification (scale bar of 20 μm for A2 and 10 μm for B2), show that there is 
a far better surface coverage which is more uniform for a film deposited from a mixture 
with high electrolyte solution concentration (B2) with less of the substrate being visible; 
this is probably due to more reactive ions (Bi3
+ and HTeO2
+) getting to the electrode 
surface when less of the surface is covered with the Brij®C10 surfactant. 
 
  109 Table   6-4: SEM images of two films deposited on a gold DVD substrate. Film A was deposited at (−0.1) V 
vs. (SCE) for 10 hours and film B was deposited at (−0.05) V vs. (SCE) for 10 hours, from mixtures 
containing  Brij
®C10  and  electrolyte  solution,  where  the mixtures used for film  A  had a 
Brij
®C10:electrolyte ratio of (55:45), and the mixtures used for film B had a Brij
®C10:electrolyte ratio of 
(45:55), where the electrolyte solution was 13 mM bismuth nitrate and 17 mM tellurium in 1 M nitric 
acid. 
6.2.4  Analysis of the Effect of the Electrolyte Surfactant Ratio on the Composition 
EDX measurements were used to determine the composition of the deposited films the 
results are shown in Table   6-5; these show the ratio of bismuth to telluride in the films 
related to the composition of the solution and the thickness of the film.  
Table   6-5: Average compositions obtained from EDX analysis of about three sites on each deposited film, 
at an accelerated voltage of 10 kV. Film A was deposited at (−0.1) V vs. (SCE) for 10 hours and film B was 
deposited at (−0.05) V vs. (SCE) for 10 hours. 
  Mixture composition  Calculated film 
thickness (nm) 
Bi 
at. %  Te at. %  Film 
composition 
A  Brij
®C10:13 mM Bi(NO3)3 and 17 mM 
Te in 1 M HNO3 (55:45)  375.5 ± 115.5  69.37  30.63  Bi3.47Te1.53 
B  Brij
®C10:13 mM Bi(NO3)3 and 17 mM 
Te in 1 M HNO3 (45:55)  1517.4 ± 466.7  43.72  56.29  Bi2.19Te2.81 
 
   
A1: Brij
®C10:electrolyte solution (55:45) (−0.1) V 
vs. (SCE) scale bar (2 µm), mag=7.07K, EHT=15 
kV 
A2:  Brij
®C10:electrolyte solution (55:45) (−0.1) V 
vs. (SCE) scale bar (20 µm), mag=1.12K, EHT=15 
kV 
   
B1: Brij
®C10:electrolyte solution (45:55) (−0.05) V 
vs. (SCE) scale bar (2 µm), mag=6.53K , EHT=15 
kV 
B2: Brij
®C10:electrolyte solution (45:55) (−0.05) V 
vs. (SCE) scale bar (10 µm), mag=3.29 K, EHT=15 
kV 
  110 EDX results show that the increase in the quantity of electrolyte solution present in the 
mixture has produced a film with a composition closer to the desired composition of 
Bi2Te3 which contains 40 % bismuth and 60 % tellurium, this indicates that a higher ratio 
of electrolyte solution to Brij
®C10 helps with the deposition process allowing the ions in 
the solution to get to the electrode surface more easily and therefore be available for 
deposition, therefore effecting the ratio of the bismuth to tellurium in the deposited film. 
It is worth noting that the two depositions were carried out at different potentials, this 
takes into account the reduced potential of the deposition peak seen in the CV spectrum 
for the 45:55 ratio; however the thickness of the deposited films are significantly different 
with the film deposited from the mixture with 45  %  Brij
®C10  being much thicker 
indicating that this film is deposited more quickly with less Brij
®C10 present even when 
using a lower deposition potentials.    
6.3  Conclusion 
In this chapter we have been looking at the effect of the Brij
®C10 to electrolyte solution 
ratio. It has been found that a lower Brij
®C10 percentage in the mixture (45 %) and 
higher electrolyte concentration (55 %) produces thicker and more homogenous films, 
this is shown by the fact that a higher current transfer is observed in the CVs for the 
Brij
®C10 to electrolyte composition of 45:55 meaning  that  more material is  being 
deposited on the working electrode this is confirmed by the thickness calculations using 
the charge observed during the deposition, the film deposited from the mixture with 45 % 
Brij
®C10 having a thickness of 1517.4 ± 466.7 nm in comparison to the film deposited 
from mixture with 55 % Brij
®C10 having a thickness of 375.5 ± 115.5 nm. SAXS data 
taken during heating and cooling of mixtures with 45:55 and 50:50 ratios show that a 
more homogeneous mixture containing only the hexagonal phase is produced after 
heating and cooling the mixture with a 45:55 ratio compared to a mixture with a higher 
Brij
®C10 content (50:50). Further, although both these ratios relinquish the correct peaks 
in the WAXS to determine them viable for production of the Bi2Te3 structure, the ratio 
with the lower Brij
®C10 content (45:55) produces a film with a composition closer to that 
of the desired Bi2Te3 phase as determined by EDX with a composition of Bi2.19Te2.81 
being measured. These results could potentially be improved by using longer deposition 
times  (more than 10 hours)  or  by  increasing the  concentrations of the bismuth and 
tellurium by going to go closer to the maximum concentration of 25 mM tellurium, but 
keeping the ratio of bismuth to tellurium the same as shown in chapter 5. 
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Final Conclusion and Further Work 
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  114 7  Conclusion 
This research has shown development of the electrolyte solution used to deposit 
nanostructured Bi2Te3 with a hexagonal phase using mixtures containing the lyotropic 
liquid crystal template Brij
®C10 and the electrolyte solution. Firstly, as discussed in 
chapter 3 work was carried out using the  ‘standard  electrolyte’  solution of 7.5 mM 
bismuth and 10 mM tellurium in 1M nitric acid which has previously been demonstrated 
in literature.
[1-4] Optimisation of the experimental setup was carried out using mixtures 
made from this solution and the LLCT Brij
®C10, this showed that a thin film cell could 
be used for the electrodepositions instead of the conventional cell, this means that the 
working and counter electrodes could be closer together.  Also the effect of different 
methods of preparing the mixtures containing the Brij
®C10 surfactant was studied, results 
showing that the method of mixing has a large effect on the films formed, with melting 
the Brij
®C10 and mixing three times producing a better structured film. CVs of mixtures 
made using this solution and Brij
®C10 show that Bi
3+ and HTeO2
+ are present in solution 
and able to react to form Bi2Te3.  Low angle XRD patterns of deposited films show 
indications of nanostructuring with a mixture of hexagonal and lamellar phases being 
identified by the presence of peaks with the spacial ratio to indicate the (100) and (110) 
peaks for the hexagonal phase and the (100) and (200) peaks for the lamellar phase 
(chapter 3, Figure   3-6). However phase identification was not always possible as often 
only one peak was observed indicating that the nanostructure ordering is limited or no 
peaks could be observed either showing that the films were not nanostructured, that the 
nanostructures have partially collapsed leading to disordered porous films
[5] or that the 
films were too thin for a peak to be observed. SEM images show the film coverage to be 
more patchy when the films are deposited using more negative potentials, indicating that 
there are less nucleation sites. It was concluded that the films deposited using the 
‘standard electrolyte’ whilst good for depositing films of Bi2Te3  from solution only 
produces very thin films when depositing structured films using a LLCT mixtures, with a 
range of thicknesses for the three potentials looked at (−0.05, −0.08 and −0.12) V vs. 
(SCE) being 122.8 ± 37.8 to 175.5 ± 54.0 nm. 
Therefore work has been carried out to increase the film thickness and improve the 
coverage by optimisation of the electrolyte solution used; different approaches to do this 
include the addition of citric acid or sodium citrate to the solution, the use of bismuth and 
  115 tellurium salts (bismuth nitrate pentahydrate, bismuth citrate and tellurium dioxide) and 
increasing the concentration of Bi
3+ and HTeO2
+ in the solution.  
The use of small quantities of citrate, from citric acid or sodium citrate as a buffer 
solution proved beneficial by allowing better stabilisation of phases as indicated by the 
phase diagrams. For example a solution of 7.5 mM bismuth citrate and 10 mM tellurium 
dioxide in 1 M nitric acid gives a region for the hexagonal phase between 25 – 60 wt. % 
at room temperature, whereas the addition of a buffer solution of 0.1 M citric acid and 50 
mM sodium citrate causes the region where the hexagonal phase is observed at room 
temperature to be extended to 25 - ~75 wt. % (chapter 4, figures 4-1 and 4-2). The 
thicknesses calculated from the charge transferred during the deposition indicate that the 
thickness of a film deposited from a mixture of Brij
®C10 and an electrolyte solution 
containing 7.5 mM bismuth and 10 mM tellurium in 1 M nitric acid with a Brij
®C10: 
electrolyte solution ratio of (55:45) with the addition a buffer 0.1 M citric acid and 50 
mM sodium citrate (63.9 ± 19.7 nm) was thinner than one deposited from a mixture made 
from the same solution but with no buffer present (105.2 ± 32.4 nm). Wide angle XRD of 
films deposited using mixtures of  Brij
®C10 and some of these solutions containing a 
buffer solution  show peaks at 27, 41 and 49 2θ  due to the (015), (110) and (205) 
reflections in the rhombohedral crystal structure of Bi2Te3.  
The use of bismuth nitrate allowed for solutions with higher concentrations of bismuth to 
be used, as bismuth nitrate is more soluble than bismuth metal in nitric acid. The 
solutions selected for further study being the one containing 13 mM bismuth nitrate and 
17 mM tellurium powder in 1 M nitric acid, this is due to this electrolyte solution having 
a large and stable hexagonal region between ~25 to 80 wt. % Brij
®C10, as shown by the 
phase diagram (chapter 5, figure 5-3), the hexagonal phase being the one which is 
required for this investigation.  
The effect of changing the quantity of the metal salts bismuth nitrate pentahydrate and 
tellurium powder  in the electrolyte solution has been studied, aiming to improve the 
quality and thickness of the deposited films of Bi2Te3. Bismuth metal only dissolves to 
give concentrations up to 15 mM, but the more soluble bismuth nitrate allows  for 
concentrations of bismuth in solution up to 60 mM to be produced, these high 
concentrations were not practical as depositions grew finger like fibres into the mixture 
which were subsequently removed along with the gold from the substrate during the 
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®C10 LLCT. Increasing the 
concentration of tellurium in solution was also limited, the maximum concentration 
accessible being 25 mM. Therefore concentrations up to the tellurium concentration limit 
were studied, the highest concentration being of 18.75 mM bismuth and 25 mM tellurium, 
with a ratio of the bismuth to tellurium concentrations of 3:4 being used. Although the 
films are still thin, being less than 1000 nm, it has been shown that for bismuth and 
tellurium in the right ratio an increase in the concentration results in an increase in the 
thickness of the deposited film and also in the composition measured by EDX being 
closer to the desired composition of Bi2Te3. The thickest films being obtained from a 
mixture containing Brij
®C10 and a solution of 18.75 mM bismuth nitrate and 25 mM 
tellurium in 1 M nitric acid (55:45), which had a thickness of 761.74 ± 234.27 nm and a 
composition of Bi2.75Te2.28.  The  SEM  images  indicate that the use of higher 
concentrations of bismuth and tellurium in the electrolyte solution while giving thicker 
films also result in bigger spheres of material on the electrode surface and a less uniform 
surface coverage than those produced from a lower concentration of solution which give a 
more uniform surface coverage. The wide angle XRD patterns show that in the three 
solutions studied containing bismuth nitrate to tellurium concentrations of (15:10), (13:17) 
and (18.75:25) mM, mixed with Brij
®C10 in a (55:45) Brij
®C10: electrolyte solution ratio 
show that while there is some Bi2Te3 present there is also indications of other materials, 
assignments of the extra peaks, show that they could be bismuth nitrate, which was not 
used up in the deposition and/or bismuth metal which could have been deposited in 
excess, the electrolyte solution which is bismuth rich shows the largest peaks for these 
extra materials. Possible reasons for the presence of these materials are a lack of mixing 
in the solution or difficulty depositing at the electrode due to the high ratio of Brij
®C10 as 
all solutions  contain  Brij
®C10: electrolyte solution in the ratio (55:45), this also 
accounted for by the fact that the gold peaks at 38 and 44 (2θ), are big showing that the 
films are still thin. 
Studies on the effect of different mixture concentrations were also carried out; lower 
Brij
®C10 and higher electrolyte concentrations (a ratio of 45:55 Brij®C10: electrolyte 
solution) being shown to produce thicker and more homogenous films by the fact that a 
higher current transfer is observed in the CVs and the calculated film thickness from the 
charge during the deposition is 1517.4 ± 466.7 nm. SEM images show better surface 
coverage when less Brij
®C10 is present and the EDX composition measurements indicate 
  117 that the bismuth to tellurium ratio is closer to the desired 40:60 ratio when using only 45 % 
Brij
®C10 in the mixture, compared with when using 55 % Brij
®C10. A study of SAXS 
with temperature was carried out at diamond, beam line I22 for two mixtures and showed 
the presence of the hexagonal phase at low temperatures with indications of a lamellar 
phase, with the loss of the hexagonal phase at higher temperatures; the hexagonal phase is 
formed again on cooling. Wide angle XRD of these mixtures confirms the rhombohedral 
crystal structure of Bi2Te3 phase to be present with peaks being observed for the (101), 
(510), (810), (1001), (011), (311) and (502) reflections.  
Overall this study has demonstrated that the deposition of bismuth telluride thin films 
using Brij
®C10 LLCT to give a hexagonal nanostructure is possible. The hexagonal phase 
is stable over a wide range of Brij
®C10 concentrations and temperatures for mixtures 
containing a range of electrolytes made from bismuth and tellurium metals or there salts 
(bismuth nitrate, bismuth citrate and tellurium dioxide) as shown in the phase diagrams. 
Using the phase diagrams Brij
®C10 concentrations between 45 to 55 wt. % were selected 
for the deposition of the films with a hexagonal nanostructure these being concentrations 
where the hexagonal phase was observed in the phase diagrams for all the electrolyte 
solutions. The thickness of these films along with their surface coverage and bismuth to 
tellurium composition were shown to be dependent on both the electrolyte solution used 
and the concentration of the Brij
®C10. In general all the films produced were thin with 
the thickest being 1517.4 ± 466.7 nm, the films were all shown to be bismuth rich by the 
EDX measurement and therefore p-type thermoelectric materials, the p-type properties of 
the films were confirmed by Seebeck measurements where values of around 0.2 µV K
−1  
were obtained for all the films measured. 
7.1  Further Work 
Work to improve the quality of the deposited films further could include investigating 
depositing films on different substrates for example gold/silica or gold/glass, which may 
be better for the films to adhere to. Once the best substrate has been identified a more in-
depth study into the effect of the potential either side of the deposition peak in the CVs 
(−0.1) V vs. SCE, could be carried out using a systematic approach. These films would be 
characterised using wide and small angle XRD, SEM, EDX and TEM to understand their 
crystallinity, morphology, homogeneity and composition and Seebeck and Hall Effect 
measurements performed to understand their thermoelectric properties. Studies could also 
  118 investigate the effect of the buffer solution using solutions with  the increased 
concentrations of bismuth nitrate and tellurium and investigate further how the buffer 
solution improves the electrodeposited bismuth telluride films. 
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A.1  Electrolyte Solution compositions  
Table   A-1: Table of solutions that are discussed in chapter 4, showing the concentrations of metals 
(bismuth and tellurium), metal salts (bismuth nitrate, bismuth citrate or tellurium oxide), acids (nitric 
acid or citric acid) and where applicable sodium citrate, used to make up electrolyte solutions in 50 ml 
batches. Alphabetic code represents the solutions corresponding to the CVs and XRD patterns presented 
in the chapter. 
Solution make up 50 ml 
Code  Metal Concentration  Electrolyte 
Concentration  Solution Out come  
SE  7.5 mM Bi, 10 mM Te  1 M HNO3  ‘Standard Electrolyte’ 
dissolved 
  7.5 mM Bi, 10 mM Te  1 M C6H8O7.H2O  Cloudy Grey solution 
metals didn't dissolve 
  3.75 mM Bi, 5 mM Te  0.5 M C6H8O7.H2O  Cloudy Grey solution 
metals didn't dissolve 
  3.75 mM Bi, 5 mM Te  1 M C6H8O7.H2O  Cloudy Grey solution 
metals didn't dissolve 
  7.5 mM Bi(NO3)3.5H2O, 10 mM TeO2  1 M C6H8O7.H2O  Cloudy white solution 
metals didn't dissolve 
  7.5 mM Bi(NO3)3.5H2O, 10 mM TeO2  0.5 M C6H8O7.H2O  Cloudy white solution 
metals didn't dissolve 
  3.75 mM Bi(NO3)3.5H2O, 5 mM TeO2  1 M C6H8O7.H2O  Cloudy white solution 
metals didn't dissolve 
  3.75 mM Bi(NO3)3.5H2O, 5 mM TeO2  0.5 M C6H8O7.H2O  Cloudy white solution 
metals didn't dissolve 
  3.75 mM C6H5BiO7,  0.5 M C6H8O7.H2O  Cloudy white solution 
metals didn't dissolve 
  5 mM TeO2  0.5 M C6H8O7.H2O  Dissolved 
  3.75 mM C6H5BiO7, 
5 mM TeO2  0.5 M C6H8O7.H2O  Cloudy white solution 
metals didn't dissolve 
A  7.5 mM C6H5BiO7, 10 mM TeO2  1 M HNO3  Mostly dissolved, mixture 
made 
B  7.5 mM C6H5BiO7, 10 mM TeO2  0.5 M C6H8O7.H2O, 0.5 
M C6H5Na3O7.2H2O  Dissolved, but pH = 3.99 
  7.5mM C6H5BiO7, 10 mM TeO2  1 M C6H8O7.H2O, 10 
mM C6H5Na3O7.2H2O 
pH 1.5, but cloudy white 
not dissolved 
  7.5 mM C6H5BiO7, 10 mM TeO2  2 M C6H8O7.H2O, 0.25 
M C6H5Na3O7.2H2O 
Clear but has a few 
particulates not dissolved 
  7.5 mM C6H5BiO7, 10 mM TeO2 
1.8 M C6H8O7.H2O, 
0.387 g 
C6H5Na3O7.2H2O 
pH 1.5, but cloudy white 
not dissolved 
C  7.5 mM Bi, 10 mM Te 
1 M HNO3, 0.1 M 
C6H8O7, 50 mM 
C6H5Na3O7.2H2O 
pH = 0.208, precipitated 
out after a week of 
standing 
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B.1  POM data for Bismuth Metal in Solutions 
B.1.1  POM data for Brij
®C10 with an electrolyte solution of 7.5 mM Bismuth and 10 mM Tellurium in 1 M Nitric Acid 
Table   B-1: Data for the Brij
®C10 with 7.5 mM bismuth and 10 mM tellurium in 1 M nitric acid, POM analysis. 
Wt. % Brij®C10  Phase at 70ᴼC  Temperature  of 
phase change 1 
(on cooling)/ᴼC 
Phase changed to  Temperature of 
phase change 2 
(on cooling)/ᴼC 
Phase changed to  Temperature of 
phase change 3 
(on cooling)/ᴼC 
Phase changed to 
10  L1  28.3  S+L  N/a  N/a  N/a  N/a 
20  L1  N/a  N/a  N/a  N/a  N/a  N/a 
30  L1  53.4  H1  N/a  N/a  N/a  N/a 
40  ?  65.1  H1  N/a  N/a  N/a  N/a 
50  ?  75.9  H1  N/a  N/a  N/a  N/a 
60  Lα  74.7  H1  N/a  N/a  N/a  N/a 
70  Lα  64.9  V1  53.7  H1  N/a  N/a 
80  Lα  30.7  S+L  N/a  N/a  N/a  N/a 
90  V2  30.1  S+L  N/a  N/a  N/a  N/a 
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 Appendix C 
C.1  POM Data for Bismuth Citrate solutions: 
C.1.1  Photos for Brij
®C10 with the electrolyte solution 7.5 mM Bismuth Citrate 
and 10 mM Tellurium Dioxide in 1 M Nitric Acid: 
Table   C-1: Photos of Brij
®C10 with 7.5 mM bismuth nitrate and 10 mM tellurium and 1 M nitric acid 
(pictures obtained by Dan O’Reilly (project student)) 
   
 
10  %  Brij
®C10  Micelle  phase 
(L1) at 70ᴼC 
10 % Brij
®C10 Solid and Liquid 
phase (S+L) at 37.8ᴼC 
 
 
   
20  %  Brij
®C10  Micelle  phase 
(L1) at 70ᴼC 
   
   
 
30  %  Brij
®C10  Micelle  phase 
(L1) at 70ᴼC 
30 % Brij
®C10 Hexagonal phase 
(H1) at 56.5ᴼC 
 
   
 
40  %  Brij
®C10  Micelle  phase 
(L1) at 70ᴼC 
40 % Brij
®C10 Hexagonal phase 
(H1) at 72.8ᴼC 
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50 % Brij
®C10 Hexagonal phase 
(H1) at 77.8ᴼC 
   
   
 
60  %  Brij
®C10  Micelle  phase 
(L1) at 70ᴼC 
60 % Brij
®C10 Hexagonal phase 
(H1)at 40.5ᴼC 
 
     
70  %  Brij
®C10  Lamellar  phase 
(Lα) at 70ᴼC 
70 % Brij
®C10 Cubic phase (V1) 
at 47.3ᴼC 
70 % Brij
®C10 Solid and Liquid 
phase (S+L) at 33.4ᴼC 
   
 
80  %  Brij
®C10  Lamellar  phase 
(Lα) at 70ᴼC 
80 % Brij
®C10 Solid and Liquid 
phase (S+L) at 31.4ᴼC 
 
     
90  %  Brij
®C10  Inverse Cubic 
phase (V2) at 70ᴼC 
90  %  Brij
®C10  Lamellar  phase 
(Lα) at 66.3ᴼC 
90 % Brij
®C10 Solid and Liquid 
phase (S+L) at 30.5ᴼC 
 
126 C.1.2  Data for Brij
®C10 with the electrolyte solution 7.5 mM Bismuth Citrate and 10 mM Tellurium Dioxide in 1 M Nitric Acid 
The POM data can be seen below. 
Table   C-2: The data for the Brij
®C10 with 7.5 mM bismuth citrate and 10 mM tellurium dioxide in 1 M nitric acid. 
Wt. % Brij®C10  Phase at 70ᴼC  Temperature  of 
phase change 1 
(on cooling)/ᴼC 
Phase changed to  Temperature of 
phase change 2 
(on cooling)/ᴼC 
Phase changed to  Temperature of 
phase change 3 
(on cooling)/ᴼC 
Phase changed to 
10  L1  37.8  S+L  N/a  N/a  N/a  N/a 
20  L1  N/a  N/a  N/a  N/a  N/a  N/a 
30  L1  56.5  H1  N/a  N/a  N/a  N/a 
40  L1  72.8  H1  N/a  N/a  N/a  N/a 
50  V2  77.8  H1  N/a  N/a  N/a  N/a 
60  Lα  67.3  H1  N/a  N/a  N/a  N/a 
70  Lα  47.3  V1  33.4  S+L  N/a  N/a 
80  Lα  31.4  S+L  N/a  N/a  N/a  N/a 
90  L2  66.3  Lα  30.5  N/a  N/a  N/a 
127 C.2  POM Data for Bismuth Citrate solutions with a buffer solution 
C.2.1  Photos for Brij
®C10 with the electrolyte solution 7.5 mM Bismuth Citrate 
and 10 mM Tellurium Dioxide in 1 M Nitric Acid with Addition of a Buffer 
(0.1 mM Citric Acid and 50 mM Sodium Citrate) 
Table   C-3: Photos of Brij
®C10 with 7.5 mM bismuth nitrate and 10 mM tellurium in 1 M nitric acid with a 
buffer solution of 0.1 mM citric acid and 50 mM sodium citrate (pictures obtained by Dan O’Reilly 
(project student)) 
   
 
10  %  Brij
®C10  Micelle  phase 
(L1) at 70ᴼC 
10 % Brij
®C10 Solid and Liquid 
phase (S+L) at 36.3ᴼC 
 
 
   
20  %  Brij
®C10  Micelle  phase 
(L1) at 70ᴼC 
   
   
 
30  %  Brij
®C10  Micelle  phase 
(L1) at 70ᴼC 
30 % Brij
®C10 Hexagonal phase 
(H1) at 60.2ᴼC 
 
   
 
40  %  Brij
®C10  Micelle  phase 
(L1) at 80ᴼC 
40 % Brij
®C10 Hexagonal phase 
(H1) at 74.9ᴼC 
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50  %  Brij
®C10  Micelle  phase 
(L1) at 80ᴼC 
50  %  Brij
®C10  Lamellar  phase 
(Lα) at 77.6ᴼC 
50 % Brij
®C10 Hexagonal phase 
(H1) at 76ᴼC 
   
 
60  %  Brij
®C10  Inverse Cubic 
phase (V2) at 70ᴼC 
60 % Brij
®C10 Hexagonal phase 
(H1) at 73.5ᴼC 
 
   
 
70  %  Brij
®C10  Lamellar  phase 
(Lα) at 70ᴼC 
70 % Brij
®C10 Hexagonal phase 
(H1) at 32.6ᴼC 
 
     
80  %  Brij
®C10  Inverse Cubic 
phase (V2) at 70ᴼC 
80  %  Brij
®C10  Lamellar  phase 
(Lα) at 61.7ᴼC 
80 % Brij
®C10 Solid and Liquid 
phase at 31.2ᴼC 
   
 
90  %  Brij
®C10  Inverse Cubic 
phase (V2) at 70ᴼC 
90 % Brij
®C10 Solid and Liquid 
phase at 30.8ᴼC 
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 Appendix D 
D.1  POM Data for Bismuth Nitrate Solutions 
D.1.1  Photos for Brij
®C10 with an electrolyte of 7.5 mM Bismuth Nitrate and 10 
mM Tellurium in 1 M Nitric Acid: 
Table    D-1: Photos of Brij
®C10  with an electrolyte solution of 7.5 mM bismuth nitrate  and  10 mM 
tellurium in 1 M nitric acid (pictures obtained by Dan O’Reilly (project student)) 
   
 
10% Brij
®C10 Micelle phase (L1) 
at 70ᴼC 
10%  Brij
®C10  Solid phase at 
39ᴼC 
 
   
 
20% Brij
®C10 Micelle phase (L1) 
at 70ᴼC 
20%  Brij
®C10  solid phase at 
40.2ᴼC 
 
   
 
30% Brij
®C10 Micelle phase (L1) 
at 70ᴼC 
30% Brij
®C10 Hexagonal(H1) at 
54.9ᴼC 
 
   
 
40% Brij
®C10 Micelle phase (L1) 
at 70ᴼC 
40% Brij
®C10 Hexagonal(H1) at 
64.1ᴼC 
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50% Brij
®C10 ? at 70ᴼC  50% Brij
®C10 Hexagonal (H1) at 
68.8ᴼC 
 
   
 
60% Brij
®C10 Lamellar at 80ᴼC  60% Brij
®C10 Hexagonal (H1) at 
71ᴼC 
 
   
 
70% Brij
®C10 Lamellar at 70ᴼC  70% Brij
®C10 Hexagonal (H1) at 
45ᴼC 
 
     
80% Brij
®C10 Inverse cubic (V2) 
at 70ᴼC 
80%  Brij
®C10  Lamellar (Lα) at 
53.9ᴼC 
80%  Brij
®C10  Solid + liquid at 
31.7ᴼC  
   
 
90% Brij
®C10 Inverse cubic (V2) 
at 70ᴼC 
90% Brij
®C10 Solid + Liquid at 
29.9ᴼC 
 
 
132 D.1.2  Data for Brij
®C10 with an electrolyte of 7.5 mM Bismuth Nitrate and 10 mM 
Tellurium in 1 M Nitric Acid  
Table   D-2: The data for the Brij
®C10 with an electrolyte of 7.5 mM Bismuth Nitrate and 10 mM Tellurium 
in 1 M Nitric Acid, POM analysis 
Wt. % 
Brij®C10 
Phase at 
70ᴼC 
Temperature  of 
phase change 1 
(on cooling)/ᴼC 
Phase 
changed to 
Temperature of phase 
change 2 
(on cooling)/ᴼC 
Phase 
changed to 
10  L1  39.0  S+L  N/a  N/a 
20  L1  N/a  N/a  N/a  N/a 
30  L1  54.1  H1  N/a  N/a 
40  ?  64.1  H1  N/a  N/a 
50  ?  68.8  H1  N/a  N/a 
*60  Lα  71.0  H1  N/a  N/a 
70  Lα  45.0  H1  N/a  N/a 
80  V2  53.9  Lα  31.7  S+L 
90  V2  29.9  S+L  N/a  N/a 
*= Mixture had to be heated up to 80ᴼC before Brij 56 went from solid to the phase noted 
in table. 
   
133 D.2  POM  Data for Bismuth Nitrate Solutions Containing a Buffer 
Solution 
D.2.1  Photos for Brij
®C10 with the electrolyte solution 7.5 mM Bismuth Nitrate 
and 10 mM Tellurium in 1 M Nitric Acid with a buffer (0.1 M Citric Acid 
and 50 mM Sodium Citrate) 
Table   D-3: Photos of Brij
®C10 with the electrolyte 7.5 mM bismuth nitrate and 10 mM tellurium in 1 M 
nitric acid with a buffer solution of 0.1 M Citric Acid and 50 mM Sodium Citrate. Pictures obtained by 
Dan O’Reilly (project student) 
 
 
10% Brij
®C10 Micelle phase (L1) 
at 70ᴼC 
 
 
 
20% Brij
®C10 Micelle phase (L1) 
at 70ᴼC 
 
   
30% Brij
®C10 Micelle phase (L1) 
at 70ᴼC 
30% Brij
®C10 Hexagonal (H1) at 
49.8ᴼC 
   
40% Brij
®C10 Micelle phase (L1) 
at 70ᴼC 
40% Brij
®C10 Hexagonal (H1) at 
67,7ᴼC 
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50% Brij
®C10 Micelle phase (L1) 
at 70ᴼC 
50% Brij
®C10 Hexagonal (H1) at 
67.3ᴼC 
   
60%  Brij
®C10  Lamellar  phase 
(Lα) at 70ᴼC 
60% Brij
®C10 Hexagonal (H1) at 
63.0ᴼC 
   
70%  Brij
®C10  Lamellar phase 
(Lα) at 70ᴼC 
70% Brij
®C10 Hexagonal (H1) at 
35.8ᴼC 
 
 
0% Brij
®C10 Lamellar phase (L1) 
at 70ᴼC 
 
 
   
135 D.2.2  Data for Brij
®C10 in Brij
®C10 with the electrolyte solution 7.5 mM Bismuth 
Nitrate and 10 mM Tellurium in 1 M Nitric Acid with a buffer (0.1 M Citric 
Acid and 50 mM Sodium Citrate) 
Table   D-4: Data for Brij
®C10 with the electrolyte solution 7.5 mM Bismuth Nitrate and 10 mM Tellurium 
in 1 M Nitric Acid with a buffer (0.1 M Citric Acid and 50 mM Sodium Citrate). POM analysis: 
Wt. % 
Brij®C10 
Phase at 
70ᴼC 
Temperature  of 
phase change 1 
(on cooling)/ᴼC 
Phase 
changed to 
Temperature of 
phase change 2 
(on cooling)/ᴼC 
Phase 
changed to 
10  L1  N/a  N/a  N/a  N/a 
20  L1  N/a  N/a  N/a  N/a 
30  L1  49.8  H1  N/a  N/a 
40  L1  67.7  H1  N/a  N/a 
50  L1  67.3  H1  N/a  N/a 
60  Lα  63.0  H1  N/a  N/a 
70  Lα  35.8  H1  N/a  N/a 
80  Lα  N/a  N/a  N/a  S+L 
90  V2  N/a  N/a  N/a  N/a 
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E.1  POM Data for Bismuth Nitrate and Tellurium Solutions 
E.1.1  Photos for Brij
®C10 with an electrolyte containing 15 mM Bismuth Nitrate, 
and 10 mM Tellurium in 1 M Nitric Acid 
Table   E-1: Photos of Brij
®C10 with an electrolyte solution containing 7.5 mM bismuth nitrate and 10 mM 
tellurium in 1M nitric acid. Pictures obtained by Dan O’Reilly (project student) 
   
10 % Brij
®C10 Micellar phase 
(L1) at 70ᴼC 
10 % Brij
®C10 Solid and Liquid 
phase at 40.5ᴼC 
 
 
20  % Brij
®C10 Micellar phase 
(L1) at 70ᴼC 
 
   
30 % Brij
®C10 Micellar phase 
(L1) at 70ᴼC 
30 % Brij
®C10 Hexagonal phase 
(H1) at 67.5ᴼC 
   
40 % Brij
®C10 Lamellar phase 
(Lα) at 70ᴼC 
40 % Brij
®C10 Hexagonal phase 
(H1) at 86.9ᴼC 
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50 % Brij
®C10 Lamellar phase 
(Lα) at 70ᴼC 
50 % Brij
®C10 Hexagonal phase 
(H1) at 68.1ᴼC 
   
60 % Brij
®C10 Lamellar phase 
(Lα) at 70ᴼC 
60 % Brij
®C10 Hexagonal phase 
(H1) at 48.1ᴼC 
   
70 % Brij
®C10 Lamellar phase 
(Lα) at 70ᴼC 
70 % Brij
®C10 Hexagonal phase 
(H1) at 35.4ᴼC 
 
 
80 % Brij
®C10 Lamellar phase 
(Lα) at 70ᴼC 
 
   
90 % Brij
®C10 Cubic phase (L2) 
at 70ᴼC 
90 % Brij
®C10 Solid and Liquid 
phase at 28.3ᴼC 
 
138 E.1.2  Data for Brij
®C10 with an electrolyte containing 15 mM Bismuth Nitrate, 
and 10 mM Tellurium in 1 M Nitric Acid 
Table    E-2: The data for Brij
®C10 with the electrolyte solution 15 mM bismuth nitrate and 10 mM 
tellurium in 1 M nitric acid.  POM analysis. 
Wt. % Brij®C10  Phase at 70ᴼC  Temperature  of 
phase change 1 
(on cooling)/ᴼC 
Phase changed to 
10  L1  40.5  S+L 
20  L1  38.7  H1 
30  L1  67.5  H1 
40  Lα  68.9  H1 
50  Lα  68.1  H1 
60  Lα  48.1  H1 
70  Lα  35.4  H1 
80  Lα  34.1  S+L 
90  V2  28.3  S+L 
 
   
139 E.2  POM Data for Bismuth Nitrate and Tellurium Solutions 
E.2.1  Photos for Brij
®C10 with an electrolyte of 13 mM Bismuth Nitrate and 17 
mM Tellurium in 1 M Nitric Acid 
Table   E-3: Photos of Brij
®C10 with the electrolyte 7.5 mM bismuth nitrate and 10 mM tellurium in 1 M 
nitric acid. Pictures obtained by Dan O’Reilly (project student) 
   
 
60 % Brij
®C10  Lamellar  phase 
(Lα) at 70ᴼC 
60 % Brij
®C10 Hexagonal phase 
(H1) at 64.1ᴼC 
 
   
 
70 % Brij
®C10  Lamellar phase 
(Lα) at 70ᴼC 
70 % Brij
®C10 Hexagonal phase 
(H1) at 44.7ᴼC 
 
   
 
80 % Brij
®C10  Lamellar phase 
(Lα) at 70ᴼC 
80 % Brij
®C10 Lamellar phase 
(Lα) at 70ᴼC 
 
     
90 % Brij
®C10  Inverse Cubic 
phase (V2) at 70ᴼC 
90 % Brij
®C10 Lamellar phase 
(Lα) at 61.9ᴼC 
90 % Brij
®C10 Solid and Liquid 
phase (S + L) at 32.3ᴼC 
 
   
140 E.2.2  Data for Brij
®C10 with an electrolyte of 13 mM Bismuth Nitrate and 17 mM 
Tellurium in 1 M Nitric Acid  
Table   E-4: The data for Brij
®C10 in 13 mM bismuth nitrate, 17 mM tellurium and 1M nitric acid POM 
analysis: 
Wt. % 
Brij®C10 
Phase 
at 70ᴼC 
Temperature  of 
phase change 1 
(on cooling)/ᴼC 
Phase 
changed to 
Temperature of 
phase change 2 
(on cooling)/ᴼC 
Phase 
changed to 
10  L1  29.1  S+L  N/a  N/a 
20  L1  37.4  S+L  N/a  N/a 
30  L1  52.7  H1  N/a  N/a 
40  L1  63.3  H1  N/a  N/a 
50  L1  68.0  H1  N/a  N/a 
60  Lα  64.1  H1  N/a  N/a 
70  Lα  44.7  H1  N/a  N/a 
80  V2  30.0  S+L  N/a  N/a 
90  V2  61.9  Lα  32.3  S+L 
 
   
141 E.3  POM Data for Bismuth Nitrate and Tellurium Solutions 
E.3.1  Photos for Brij
®C10 with the electrolyte solution 18.75 mM Bismuth Nitrate, 
and 25 mM Tellurium in 1 M Nitric Acid 
Table    E-5: Photos of Brij
®C10 with an electrolyte solution of 7.5 mM bismuth nitrate and 10 mM 
tellurium in 1 M nitric acid (pictures obtained by Dan O’Reilly (project student) 
   
 
10 % Brij
®C10  Micelle  phase 
(L1) at 70ᴼC 
10 % Brij
®C10 Solid and Liquid 
phase (S + L) at 38.5ᴼC 
 
 
   
20 % Brij
®C10 Micelle  phase 
(L1) at 70ᴼC 
   
   
 
30 % Brij
®C10 Micelle  phase 
(L1) at 80ᴼC 
30 % Brij
®C10 Hexagonal phase 
(H1) at 74.2ᴼC 
 
   
 
40 % Brij
®C10  Micelle  phase 
(L1)  
40 % Brij
®C10 Hexagonal phase 
(H1) at 74.2ᴼC 
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50 % Brij
®C10 Inverse Cubic 
(V2) at 80ᴼC 
50 % Brij
®C10 Lamellar phase 
(Lα) at 76.4ᴼC 
50 % Brij
®C10 Hexagonal phase 
(H1) at 67.3ᴼC 
     
60 % Brij
®C10 Inverse Cubic 
(V2) at 80ᴼC 
60  % Brij
®C10  Lamellar  phase 
(Lα) at 72.6ᴼC 
60 % Brij
®C10 Hexagonal phase 
(H1) at 68.8ᴼC 
   
 
70 % Brij
®C10 Lamellar phase 
(Lα) at 70ᴼC 
70 % Brij
®C10 Hexagonal phase 
(H1) at 32.8ᴼC 
 
   
 
80 % Brij
®C10 Inverse Cubic 
(V2) at 70ᴼC 
80 % Brij
®C10  Lamellar  phase 
(Lα) at 65.1ᴼC 
 
   
 
90 % Brij
®C10 Inverse Cubic 
(V2) at 90ᴼC 
90 % Brij
®C10  Solid and liquid 
phase (S + L) at 31.7ᴼC 
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E.3.2  Data for Brij
®C10 with the electrolyte solution 18.75 mM Bismuth Nitrate, 
and 25 mM Tellurium in 1 M Nitric Acid  
Table   E-6: The data for the Brij
®C10 with the electrolyte 18.75 mM bismuth Nitrate and 25 mM tellurium 
in 1 M nitric acid. POM analysis 
Wt. % 
Brij®C10 
Phase 
at 70ᴼC 
Temperature  of 
phase change 1 
(on cooling)/ᴼC 
Phase 
changed to 
Temperature of 
phase change 2 
(on cooling)/ᴼC 
Phase 
changed to 
10  L1  38.5  S+L  N/a  N/a 
20  L1  N/a  N/a  N/a  N/a 
*30  L1  74.4  H1  N/a  N/a 
*40  L1  74.2  H1  N/a  N/a 
*50  Lα  67.3  H1  N/a  N/a 
*60  Lα  68.8  H1  N/a  N/a 
70  Lα  32.8  H1  N/a  N/a 
80  V2  65.1  Lα  N/a  N/a 
90  V2  31.7  S  N/a  N/a 
*= Mixture had to be heated up to 80ᴼC before Brij
®C10 went from solid to the phase 
noted in table. 
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